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Abstract
Integrating Genomics with the Fossil Record to Explore the Evolutionary History of Echinoidea
Nicolás Mongiardino Koch
2021

Echinoidea constitutes one of five major clades of living echinoderms, marine animals
uniquely characterized by a pentaradial symmetry. Approximately 1,000 living and 10,000 extinct
species have been described, including many commonly known as sea urchins, heart urchins and
sand dollars. Today, echinoids are ubiquitous in benthic marine environments, where they
strongly affect the functioning of biodiverse communities such as coral reefs and kelp forests.
Given the quality of their fossil record, their remarkable morphological complexity and our
thorough understanding of their development, echinoids provide unparalleled opportunities to
explore evolutionary questions in deep-time, providing access to the developmental and
morphological underpinnings of evolutionary innovation. These questions cannot be addressed
without first resolving the phylogenetic relationships among living and extinct lineages. The goal
of this dissertation is to advance our understanding of echinoid relationships and evolutionary
history, as well as to explore more broadly the integration of phylogenomic, morphological and
paleontological data in phylogenetic reconstruction and macroevolutionary inference.
In Chapter 1, I report the results of the first phylogenomic analysis of echinoids based on
the sequencing of 17 novel echinoid transcriptomes. Phylogenetic analyses of this data resolve the
position of several clades—including the sand dollars—in disagreement with traditional
morphological hypotheses. I demonstrate the presence of a strong phylogenetic signal for these
novel resolutions, and explore scenarios to reconcile these findings with morphological evidence.
In Chapter 7, I extend this approach with a more thorough taxon sampling, resulting in a robust
topology with a near-complete sampling of major echinoid lineages. This effort reveals that
I

apatopygids, a clade of three species with previously unclear affinities, represent the only living
descendants of a once diverse Mesozoic clade. I also perform a thorough time calibration
analysis, quantifying the relative effects of choosing among alternative models of molecular
evolution, gene samples and clock priors. I introduce the concept of a chronospace and use it to
reveal that only the last among the aforementioned choices affects significantly our understanding
of echinoid diversification. Molecular clocks unambiguously support late Permian and late
Cretaceous origins for crown group echinoids and sand dollars, respectively, implying long ghost
ranges for both.
Fossils have been shown to improve the accuracy of phylogenetic comparative methods,
warranting their inclusion alongside extant terminals when exploring evolutionary processes
across deep timescales. However, their impact on topological inference remains controversial. I
explore this topic in Chapter 3 with the use of simulations, which show that morphological
phylogenies are more accurate when fossil taxa are incorporated. I also show that tip-dated
Bayesian inference, which takes stratigraphic information from fossils into account, outperforms
uncalibrated methods. This approach is complemented in Chapter 2 with the analysis of empirical
datasets, confirming that incorporating fossils reshapes phylogenies in a manner that is entirely
distinct from increased sampling of extant taxa, a result largely attributable to the occurrence of
distinctive character combinations among fossils.
Even though phylogenomic and paleontological data are complementary resources for
unraveling the relationships and divergence times of lineages, few studies have attempted to fully
integrate them. Chapter 4 revisits the phylogeny of crown group Echinoidea using a totalevidence dating approach combining phylogenomic, morphological and stratigraphic information.
To this end, I develop a method (genesortR) for subsampling molecular datasets that selects loci
with high phylogenetic signal and low systematic biases. The results demonstrate that combining
different data sources increases topological accuracy and helps resolve phylogenetic conflicts.

II

Notably, I present a new hypothesis for the origin and early morphological evolution of the sand
dollars and close allies. In Chapter 6, I compare the behavior of genesortR against alternative
subsampling strategies across a sample of phylogenomic matrices. I find this method to
systematically outperform random loci selection, unlike commonly-used approaches that target
specific evolutionary rates or minimize sources of systematic error. I conclude that these methods
should not be used indiscriminately, and that multivariate methods of phylogenomic subsampling
should be favored.
Finally, in Chapter 5, I explore the macroevolutionary dynamics of echinoid body size
across 270 million years using data for more than 5,000 specimens in a phylogenetically explicit
context. I also develop a method (extendedSurface) for parameterizing adaptive landscapes that
overcomes issues with existing approaches and finds better fitting models. While echinoid body
size has been largely constrained to evolve within a single adaptive peak, the disparity of the
clade was generated by regime shifts driving the repeated evolution of miniaturized and gigantic
forms. Most innovations occurred during the latter half of the Mesozoic, and were followed by a
drastic slowdown in the aftermath of the Cretaceous-Paleogene mass extinction.
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GENERAL INTRODUCTION

ON GENOMES AND FOSSILS
In the last few decades, the study of the evolutionary relationships among living species
has been transformed by the genomic revolution (Delsuc, et al. 2005; Philippe, et al. 2005;
Bleidorn 2017; Mongiardino Koch 2019). Phylogenetic inference is now routinely performed
using datasets composed of thousands of molecular markers, providing unprecedented power to
infer the history of biological diversification. This has resulted in a substantial restructuring of the
Tree of Life, providing robust resolution where previous efforts had been unsuccessful (Witek, et
al. 2009; Oakley, et al. 2013; Telford, et al. 2014; Marlétaz, et al. 2019; Burki, et al. 2020; Kocot,
et al. 2020; Williams, et al. 2020; Su, et al. 2021), and supporting relationships that were until
then unsuspected or highly controversial (e.g., Savard, et al. 2006; Dunn, et al. 2008; Garrison, et
al. 2016; Streicher and Wiens 2017; Tihelka, et al. 2020; Kolmann, et al. 2021). While many
nodes still remain contentious (King and Rokas 2017; Ballesteros and Sharma 2019; Philippe, et
al. 2019; Kapli and Telford 2020; Li, et al. 2020; Smith SA, et al. 2020), phylogenomics has
arguably led us closer than ever to fulfilling Darwin’s dream of having “fairly true genealogical
trees of each kingdom of Nature” (Darwin 1887). This newly-attained topological accuracy has in
turn provided fertile ground for the exploration of myriad evolutionary processes, ranging from
the evolution of genomic structure (Paps and Holland 2018; Fernández and Gabaldón 2020), the
timing of origin of major lineages (dos Reis, et al. 2012; Feng, et al. 2017), their ancestral
morphologies (Gąsiorowski, et al. 2020; Kapli, et al. 2021) and rates of diversification (Givnish,
et al. 2015; Fernández, et al. 2018).
Despite this progress, the contribution of phylogenomics to understanding the history of
life is strongly limited by the fact that genomic data can only be gathered from living organisms.
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Even in the ideal scenario of perfect sampling of living representatives, phylogenomic trees can
incorporate on average only 0.1% of the diversity that ever existed (Simpson 1952; Raup 1992;
Jablonski 2004). This sampling is also notoriously non-random: living organisms all share a very
narrow window of time (i.e., the present), and are likely to have many more attributes in common
(such as traits associated with recent bursts of diversification, active trends and differential
extinction/speciation dynamics) compared to a more homogenous sample of evolutionary
outcomes. Reconstructing events that happened in the distant past from such a small and biased
number of observations can sometimes lack the necessary amount of information to distinguish
between alternative hypotheses, and occasionally even provide strong support for erroneous
reconstructions (Oakley and Cunningham 2000; Ané 2008; Quental and Marshall 2010; Rabosky
2010; Slater, et al. 2012; Slater 2013; Ho and Ané 2014; Louca and Pennell 2020).
Most of these limitations can be overcome by directly incorporating the information
preserved in the fossil record. Fossils constitute direct observations of the past, providing access
to phenotypes that lie close to events of interest such as ancient rapid radiations, environmental
perturbations, and the origins of major clades, and that have not been overprinted by subsequent
evolutionary history (Donoghue, et al. 1989; Smith 1998; Edgecombe 2010; Rothwell, et al.
2018). This can clarify ancestral morphologies and the processes by which the traits of living
species derive from them (Garwood, et al. 2014; Hsiang, et al. 2015; Parry, et al. 2016; Puttick
2016), as well as reveal entirely unknown events in the ecological and biogeographic history of
extant lineages (Wood, et al. 2012; Betancur‐R, et al. 2015; Wilf and Escapa 2015; Field and
Hsiang 2018; Tavares, et al. 2018). Non-ultrametric trees (i.e., trees that are not composed
entirely of contemporaneous terminals) also show improved statistical behavior, as extinct tips
can suffer less from phylogenetically-induced lack of independence, providing a relatively larger
amount of information (Ané 2008). This information is crucial to ensure precision in estimating
ancestral states, rates of evolution, and optimal values driving selective processes, as well as
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correctly inferring diversification dynamics and modes of morphological macroevolution
(Finarelli and Flynn 2006; Slater, et al. 2012; Ho and Ané 2013; Slater 2013; Slater and Harmon
2013; Ho and Ané 2014; Bokma, et al. 2015; Cooper, et al. 2016; Schnitzler, et al. 2017;
Castiglione, et al. 2018; Mitchell, et al. 2018; Lloyd and Slater 2020). Integrating fossils with
their extant counterparts—when these exist—is therefore necessary not only to know the
affinities of species that are long gone, but also to understand the evolutionary processes that gave
rise to those that still surround us.
Inferring the phylogenetic position of fossils can only be achieved through the use of
morphological datasets. While this task was traditionally performed within a maximum
parsimony framework, probabilistic alternatives have become common in recent years. This
transition was fueled in part by a series of simulation studies showing that Bayesian inference
under the Mk model (Lewis 2001) outperforms parsimony alternatives (Wright and Hillis 2014;
O’Reilly, et al. 2016; Puttick, et al. 2017; Puttick, et al. 2019). While other studies have
questioned the superiority of probabilistic methods (Goloboff, et al. 2018; Sansom, et al. 2018;
Goloboff, et al. 2019; Smith 2019), their use has still become popular given many perceived
advantages, including a better portrayal of uncertainty, a more straightforward integration of
different data sources, and the ease with which models can be extended to capture the many
processes that influence tree shape. One specific development that has greatly benefitted
paleontologists has been the development of tip-dated Bayesian inference (Pyron 2011; Ronquist,
et al. 2012; O’Reilly, et al. 2015), i.e., the simultaneous inference of topology and divergence
times through the incorporation of fossils as terminals, capitalizing on both their morphological
and stratigraphic data. Although originally designed as a way of calibrating trees that accounts for
the uncertain phylogenetic position of fossil taxa, tip-dated inference has recently been shown to
support markedly different topologies compared to undated methods (King 2020). Tip-dated
inference can be extended through the combination of molecular and morphological data (i.e.,
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total-evidence inference), as well as the use of mechanistic models that account for speciation,
extinction, fossilization and sampling probabilities (i.e., the fossilized birth-death family of
models; Gavryushkina, et al. 2014; Heath, et al. 2014; Zhang, et al. 2016; Gavryushkina and
Zhang 2020). These methods have driven a renaissance of phylogenetic paleontology in the last
few decades, restructuring our understanding of the relationships, divergence times and
evolutionary history of living and extinct life forms (Beck and Lee 2014; Lee, et al. 2014; Lee
2016; Parry, et al. 2016; Ronquist, et al. 2016; Gavryushkina, et al. 2017; Kealy and Beck 2017;
King, et al. 2017; Pyron 2017; Slater, et al. 2017; Vinther, et al. 2017; Cascini, et al. 2019;
Klopfstein and Spasojevic 2019; Brennan, et al. 2020; Wright, et al. 2020).
As summarized above, the irruption of phylogenomics and the development of novel
approaches to use paleontological data have opened new possibilities in the inference of
relationships from both molecular and morphological datasets, changing the way we approach
most question in phylogenetics. However, these two areas of research have developed largely in
isolation. On one hand, phylogenomics has rarely considered the fossil record as more than just a
source of node age constraints. On the other, total-evidence analyses have generally relied on just
a handful of loci sequenced using Sanger technology. This thesis was developed as an attempt to
integrate these methods, advancing the field of phylogenomic paleobiology through theoretical,
methodological and empirical insights. Much of this research is driven by an interest in the
history of echinoids, and builds upon their unique properties that make them a remarkable clade
with which to explore evolutionary dynamics across deep time.
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ECHINOIDEA: A MODEL CLADE FOR PHYLOGENETIC AND MACROEVOLUTIONARY
RESEARCH

Echinoderms are a diverse clade of marine organisms characterized by a (typically)
pentaradial symmetry, a calcareous endoskeleton with a mesh-like microstructure known as
stereom, and a unique circulatory system (the water vascular system) that performs feeding,
locomotive and respiratory tasks using pressurized ambient water, among other traits (Paul and
Smith 1984; Pawson 2007). Although several candidates for the earliest fossil echinoderm have
been disputed, the appearance of stereom in the fossil record supports an origin for the clade by at
least the Early Cambrian (Bottjer, et al. 2006; Zamora, et al. 2013; Zamora, et al. 2020). From an
initial radiation marked by outstanding levels of body plan exploration (Deline, et al. 2020), only
five clades survived to the present, constituting the echinoderm crown group. These include the
two members of Asterozoa, asteroids and ophiuroids (starfish and brittle stars, respectively); the
two members of Echinozoa, echinoids and holothuroids (sea urchins and sea cucumbers,
respectively); as well as the sister clade to them all, crinoids (sea lilies and feather stars) (Telford,
et al. 2014; Reich, et al. 2015). All five of these lineages had already diverged by the Late
Ordovician (Paul and Smith 1984), but possess much younger crown groups that were preceded
by more than 200 Ma of stem group diversification (with the likely exception of the relatively
older crown group holothuroids) (Lafay, et al. 1995; Smith, et al. 2006; Rouse, et al. 2013;
O’Hara, et al. 2014; Miller, et al. 2017).
Among extant echinoderms, echinoids are easily recognized by their spine-covered
skeletons or tests, composed of numerous tightly interlocking plates (Smith 1980). Slightly over
1,000 living species of echinoids have been described (Kroh and Mooi 2020), a diversity that
populates every benthic environment from intertidal to abyssal depths, and from Equatorial to
polar latitudes (Schultz 2015). Regular echinoids (commonly known as sea urchins) are the main
consumers in most shallow water environments, an ecological role they have likely played since
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the Triassic (Steneck 2020). Strong oscillations in their population sizes can have devastating
effects on communities such as coral reefs, kelp forests, and seagrass meadows (Sammarco 1982;
Harrold and Pearse 1987; Valentine and Heck Jr 1991; Hughes 1994; Edmunds and Carpenter
2001; Lessios, et al. 2001; Steneck, et al. 2002; Hind, et al. 2019), which not only rank among the
most biodiverse and productive of marine ecosystems, but are also major sites of carbon
sequestration (Krause-Jensen and Duarte 2016). Irregular echinoids (including sand dollars, heart
urchins and allies) are predominantly infaunal consumers and detritivores that include some of
the most significant bioturbators of marine sedimentary environments (Hollertz and Duchêne
2001; Lohrer, et al. 2004; Lohrer, et al. 2005).
Besides their prominent role in marine ecosystems, echinoids have also become model
species in many areas of science. They have been used extensively to predict the impact of future
climate change on marine organisms, including the effects that rising water temperatures and
acidification might have on the physiology, development, population dynamics and biogeography
of marine invertebrates (Saucède, et al. 2017; Byrne and Hernández 2020). Ever since research
employing echinoid gametes elucidated the steps involved in animal fertilization, echinoids have
also played a major role in the fields of embryology and developmental biology (Pederson 2006).
This line of research was drastically expanded with the advent of genomics, allowing for unique
insights on the molecular underpinnings of morphogenesis (Davidson, et al. 2002; Sodergren, et
al. 2006; Oliveri, et al. 2008; Rafiq, et al. 2012; Cary and Hinman 2017; Nesbit, et al. 2019;
Wang, et al. 2020; Warner, et al. 2021). As developmental and genomic research has embraced a
more comparative approach, the necessity of phylogenies to make sense of developmental and
functional genomic data in a comparative framework has become evident (Thompson, et al. 2017;
Dunn, et al. 2018; Smith SD, et al. 2020).
The multi-plated nature of the echinoid test, along with the morphological complexity of
structures such as the Aristotle’s lantern (dental apparatus) and pedicellariae (pincer-like organs
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of the echinoderm skin used for cleaning and defense), has allowed for a thorough exploration of
the of Echinoidea phylogeny from a morphological perspective (Mooi 1990; Smith and
Hollingworth 1990; Suter 1994; Mooi, et al. 2000; Smith and Anzalone 2000; Smith 2001; Mooi,
et al. 2004; Smith 2004; Stockley, et al. 2005; Barras 2007; Saucède, et al. 2007; Kroh and Smith
2010; Coppard, et al. 2012; Mooi, et al. 2014; Thompson, et al. 2020). On the contrary, molecular
efforts have been few and limited in scope, focusing on small clades and/or employing just a
handful of loci (Littlewood and Smith 1995; Smith, et al. 1995; Smith, et al. 2006; Brosseau, et
al. 2012; Kober and Bernardi 2013; Nowak, et al. 2013; Smith and Kroh 2013; Thompson, et al.
2017; Bronstein and Kroh 2018; Bronstein, et al. 2018; Lin, et al. 2020). Although these
approaches have agreed on broad aspects of the echinoid phylogeny (Smith 1997), many of the
earliest nodes have been resolved in contradiction by morphological and molecular data, or not
resolved with support by either (Kroh and Smith 2010; Smith and Kroh 2013). This has precluded
an assessment of the origin and early evolutionary history of highly distinct lineages such as
irregular echinoids (a clade composed of bilaterally symmetrical forms), and sand dollars
(flattened irregulars that inhabit high-energy sandy environments), whose closest relatives remain
unclear. This uncertainty has also precluded a study of the macroevolutionary dynamics
associated with such dramatic events of body plan innovation.
The morphological complexity of the echinoid skeleton, coupled with its robust, decayresistant nature (Kidwell and Baumiller 1990; Nebelsick 1996), has endowed the group with a
fossil record that is not only relatively complete, but also highly informative. This allows the
morphological, ecological and biogeographic history of the clade to be tracked with a detail rarely
possible (Kier 1974; Smith 1978; Kier 1982; Smith 1984; Smith 1990; Wray 1996; Smith 2005;
Smith and Stockley 2005; Coppard, et al. 2012; Coppard, et al. 2013; Thompson, et al. 2015;
Coppard and Lessios 2017; Thompson, et al. 2018; Nebelsick 2020; Ziegler, et al. 2020; Petsios,
et al. 2021). Some noteworthy attempts at using sea urchins to investigate evolutionary dynamics
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across deep time include: 1) Smith and Jeffery (1998) who explored the determinants of
extinction selectivity across the Cretaceous-Paleogene (K-Pg) mass extinction; 2) Eble (2000)
and Boivin, et al. (2018) who analyzed the interplay between morphological disparity and
diversity; 3) Hopkins and Smith (2015) who showed echinoid evolution to be punctuated by
ecologically-driven bursts in the rates of morphological evolution; and 4) Thompson, et al. (2017)
and Erkenbrack and Thompson (2019) who capitalized on our understanding of echinoid
development to explore the origin of developmental innovations. However, much of this research
did not account for the pattern of phylogenetic relationships among the included taxa,
complicating the study of the evolutionary processes that might have driven the observed
patterns. Even those that did incorporate a phylogenetic dimension were limited by topological
uncertainty, arising from both lack of phylogenetic signal of the characters used as well as
conflicts between morphological and molecular data in the resolution of several nodes. Unlocking
the true potential of sea urchins as a model clade for macroevolutionary research is thus
contingent on resolving a robust time-calibrated tree of its main lineages.
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CHAPTER 1 – A phylogenomic resolution of the sea urchin tree of life

1.1 ABSTRACT
Echinoidea is a clade of marine animals including sea urchins, heart urchins, sand dollars
and sea biscuits. Found in benthic habitats across all latitudes, echinoids are key components of
marine communities such as coral reefs and kelp forests. A little over 1,000 species inhabit the
oceans today, a diversity that traces its roots back at least to the Permian. Although much effort
has been devoted to elucidating the echinoid tree of life using a variety of morphological data,
molecular attempts have relied on only a handful of genes. Both of these approaches have had
limited success at resolving the deepest nodes of the tree, and their disagreement over the
positions of a number of clades remains unresolved. We performed de novo sequencing and
assembly of 17 transcriptomes to complement available genomic resources of sea urchins and
produce the first phylogenomic analysis of the clade. Multiple methods of probabilistic inference
recovered identical topologies, with virtually all nodes showing maximum support. In contrast,
the coalescent-based method ASTRAL-II resolved one node differently, a result apparently
driven by gene tree error induced by evolutionary rate heterogeneity. Regardless of the method
employed, our phylogenetic structure deviates from the currently accepted classification of
echinoids, with neither Acroechinoidea (all euechinoids except echinothurioids), nor
Clypeasteroida (sand dollars and sea biscuits) being monophyletic as currently defined. We show
that phylogenetic signal for novel resolutions of these lineages is strong and distributed
throughout the genome, and fail to recover systematic biases as drivers of our results. Our
investigation substantially augments the molecular resources available for sea urchins, providing
the first transcriptomes for many of its main lineages. Using this expanded genomic dataset, we
resolve the position of several clades in agreement with early molecular analyses but in
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disagreement with morphological data. Our efforts settle multiple phylogenetic uncertainties,
including the position of the enigmatic deep-sea echinothurioids and the identity of the sister
clade to sand dollars. We offer a detailed assessment of evolutionary scenarios that could
reconcile our findings with morphological evidence, opening up new lines of research into the
development and evolutionary history of this ancient clade.

1.2 INTRODUCTION
Echinoidea Leske, 1778 is a clade of marine animals including species commonly known
as sea urchins, heart urchins, sand dollars and sea biscuits. It constitutes one of the five main
clades of extant Echinodermata, typically pentaradially symmetric animals, which also includes
highly distinctive components of the marine fauna such as sea lilies and feather stars (crinoids),
starfish (asteroids), brittle stars (ophiuroids) and sea cucumbers (holothuroids). Fossil evidence
suggests that these lineages, as well as a huge diversity of extinct relatives, trace their origins to
the early Paleozoic [1, 2]. Their deep and rapid divergence from one another, coupled with long
stem groups leading to the origin of extant forms, for a long time impeded a robust resolution of
their interrelationships. Nonetheless, a consensus has emerged supporting a close relationship
between echinoids and holothuroids, as well as between asteroids and ophiuroids, with crinoids as
sister to them all [3–5].
A little over 1,000 extant species of echinoids have been described [6], comprising a
radiation whose last common ancestor likely arose during the Permian [7, 8], although the stem of
the group extends back to the Ordovician [9]. Extant echinoid species richness is vastly eclipsed
by the more than 10,000 species that constitute the rich echinoid fossil record [10]. Nonetheless,
it seems safe to assume that echinoid diversity at any given point in time has never exceeded that
of the present day [11, 12]. Today, sea urchins are conspicuous occupants of the marine realm,
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inhabiting all benthic habitats from the poles to the Equator and from intertidal to abyssal zones
[13]. As the main epifaunal grazers in many habitats, sea urchins contribute to the health and
stability of key communities such as kelp forests [14] and coral reefs [15, 16]. Likewise,
bioturbation associated with the feeding and burrowing activities of a large diversity of infaunal
echinoids has a strong impact on the structure and function of marine sedimentary environments
[17, 18]. Figure 1 provides a snapshot of their morphological diversity. Since the mid-19th
century, research on sea urchins has played a major role in modelling our understanding of animal
fertilization and embryology [19, 20], with many species becoming model organisms in the field
of developmental biology. This line of research was radically expanded recently through the
application of massive sequencing methods, resulting in major breakthroughs in our
understanding of the organization of deuterostome genomes and the gene regulatory networks
that underlie embryogenesis [21, 22].
The higher-level taxonomy and classification of both extant and extinct sea urchins have
a long history of research (reviewed by [12, 23]). The impressive fossil record of the group, as
well as the high complexity of their plated skeletons (or tests), have allowed lineages to be readily
identified and their evolution tracked through geological time with a precision unlike that
possible for other clades of animals (e.g., [24–28]). Morphological details of the test have also
been used to build large matrices for phylogenetic analysis [9, 12, 25, 29–32]. The most
comprehensive of these morphological phylogenetic analyses [12] has since served as a basis for
the current taxonomy of the group (Fig. 1l). This analysis confirmed several key nodes of the
echinoid tree of life that were also supported by previous efforts, such as the position of cidaroids
(Fig. 1a) as sister to all other sea urchins (Fig. 1b-k)—united in the clade Euechinoidea Bronn,
1860—and the subdivision of the latter into the predominantly deep-sea echinothurioids (Fig. 1d)
and the remainder of euechinoid diversity (Acroechinoidea Smith, 1981). Likewise, Kroh and
Smith [12] confirmed the monophyly of some major clades such as Echinacea Claus, 1876,
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including all the species currently used as model organisms and their close relatives (Fig. 1e, f);
and Irregularia Latreille, 1825, a group easily identified by their antero-posterior axis and
superimposed bilateral symmetry [33]. The irregular echinoids were shown to be further
subdivided into the extant echinoneoids, atelostomates (Fig. 1g, h) (including the heart urchins)
and neognathostomates (Fig. 1i-k) (including the sand dollars). Other relationships, however,
proved more difficult to resolve. For example, the pattern of relationships among the main
lineages of acroechinoids received little support and was susceptible to decisions regarding
character weighting, revealing a less clear-cut picture [10, 12].
In stark contrast with these detailed morphological studies, molecular efforts have lagged.
Next-generation sequencing (NGS) efforts have been applied to relatively small phylogenetic
questions, concerned with the resolution of the relationships within Strongylocentrotidae
Gregory, 1900 [34], a clade of model organisms, as well as among their closest relatives [35].
Although several studies have attempted to use molecular data to resolve the backbone of the sea
urchin phylogeny [8, 10, 25, 30, 36, 37], all these have relied on just one to three genes, usually
those encoding ribosomal RNA. The lack of comprehensive sampling of loci across the genome
thus limits the robustness of these phylogenies. Furthermore, recent analyses have suggested that
ribosomal genes lack sufficient phylogenetic signal to resolve the deepest nodes of the echinoid
tree with confidence [8].
In light of this, it is not clear how to reconcile the few—yet critical—nodes for which
molecular and morphological data offer contradicting resolutions. For example, most
morphological phylogenies strongly supported the monophyly of sea biscuits and sand dollars
(Clypeasteroida L. Agassiz, 1835), and their origin from a paraphyletic assemblage of lineages
collectively known as “cassiduloids”, including Echinolampadoida Kroh and Smith, 2010 and
Cassiduloida Claus, 1880 among extant clades, as well as a suite of extinct lineages [12, 29, 31,
38]. In contrast, all molecular phylogenies to date that incorporated representatives of both groups
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have resolved extant “cassiduloids” nested within clypeasteroids, sister to only one of its two
main subdivisions, the scutelline sand dollars [8, 10, 25, 30]. This molecular topology not only
undermines our understanding of the evolutionary history of one of the most ecologically and
morphologically specialized clades of sea urchins [38, 39], it also implies a strong mismatch with
the fossil record, requiring ghost ranges of the order of almost 100 Ma for some clypeasteroid
lineages [10, 40]. Likewise, the earliest divergences among euechinoids, including the relative
positions of echinothurioids and a collection of lineages collectively known as aulodonts
(micropygoids, aspidodiadematoids, diadematoids and pedinoids [41]), have consistently differed
based on morphological and molecular data, often with poor support provided by both [8, 10, 12,
25, 40]. Finally, previous studies have resolved different lineages of regular echinoids, including
diadematoids, aspidodiadematoids, pedinoids, salenioids and salenioids + echinaceans, as sister to
Irregularia [8, 12, 25, 37].
Given the outstanding quality of their fossil record and our thorough understanding of
their development, sea urchins have the potential to provide a singular basis for addressing
evolutionary questions in deep-time [42], providing access to the developmental and
morphological underpinnings of evolutionary innovation (e.g., [8, 43]). However, uncertainties
regarding the phylogenetic history of sea urchins propagate into all of these downstream
comparative analyses, seriously limiting their potential in this regard. Here, we combine available
genome-scale resources with de novo sequencing of transcriptomes to perform the first
phylogenomic reconstruction of the echinoid tree of life. Our efforts provide a robust
evolutionary tree for this ancient clade, made possible by gathering the first NGS data for many
of its distinct lineages. We then explore some important morphological transformations across the
evolutionary history of the clade.
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1.3 RESULTS
Several publicly available transcriptomic and genomic datasets are available for sea
urchins and their closest relatives, the products of multiple sequencing projects [44, 45] stretching
back to the sequencing of the genome of the purple sea urchin [46]. A subset of these datasets
was employed here and complemented with whole transcriptomic sequencing of 17 additional
species, selected to cover as much taxonomic diversity as possible. In the end, 32 species were
included in the analyses, including 28 echinoids plus 4 outgroups. A complete list of these,
including details on specimen sampling for all newly generated data, as well as SRA and Genome
accession numbers, is provided in Table 1. All analyses were performed on a 70% occupancy
matrix composed of 1,040 loci and 331,188 amino acid positions (Fig. S1), as well as constituent
gene matrices.
Initial analyses were complicated by the problem of resolving the position of Arbacia
punctulata; different methods resolved this species as either a member of Echinacea, as suggested
by previous morphological and molecular studies [10, 12], or as the sister lineage to all remaining
euechinoids. Further analyses suggested that this second, highly conflicting topology might be the
consequence of sequence contamination (Fig. S2). Topologies obtained after attempting to
control this problem showed strong support for a monophyletic Echinacea—including Arbacia
puntulata, Stomopneustes variolaris and camarodonts—although the relationships among these
three lineages received only weak support (Fig. S2). Given the ad hoc nature of our approach, we
regard this result as preliminary, and excluded Arbacia from all subsequent analyses.
Phylogenomic matrices are the product of complex evolutionary histories which are only
partially captured by our current models of molecular evolution. This often results in fully
supported yet incorrect topologies, as all methods are susceptible to systematic biases in various
ways and to different degrees [47, 48]. In order to explore the effects of model selection,
phylogenetic inference was performed on the concatenated alignment using a diversity of
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procedures, including maximum likelihood (ML) inference using two different mixture models
and the best-fit partitioning scheme, as well as Bayesian inference (BI) under site-homogenous
and site-heterogenous models (see Methods). All five methods of probabilistic inference
recovered exactly the same phylogeny (Fig. 2a), showing the robustness of our results to the
implementation of different approaches to model molecular evolution. Furthermore, support was
maximum for almost all nodes across all methods, and no other tree was found in the credible set
of topologies explored by either of the BI methods. This phylogeny shows strong agreement with
the current higher-level classification of echinoids, supporting the monophyly of most previously
recognized clades classified at or above the level of order. These include the position of Cidaroida
as sister to all other echinoids, the monophyly and close relationship of Echinacea and
Microstomata (including all sampled irregular echinoids), and the subdivision of the latter into
atelostomates and neognathostomates (as labelled on the tree, Fig. 2a). Relationships at lower
taxonomic levels are beyond the scope of this study, as only one or two species per major clade
were sampled, with the exception of camarodonts and scutelline sand dollars. Internal
relationships among camarodonts fully agree with recently published estimates based on
mitochondrial genomes [35], even though our taxonomic sampling differs. For scutelline sand
dollars, our phylogeny confirms a close relationship of Dendrasteridae to Echinarachniidae, as
suggested by early DNA hybridization assays [49], rather than between Dendrasteridae and
Mellitidae, as previously argued based on morphological evidence [9, 12, 38].
On the other hand, our topology conflicts with current echinoid classification (Fig. 1l) in
two main aspects. First, it does not recover echinothurioids as sister to the remaining euechinoids,
therefore contradicting the monophyly of Acroechinoidea. Instead, Echinothurioida is recovered
as a member of a clade that also incorporates the lineages of aulodonts that were sampled—
pedinoids and diadematoids (Fig. 1b, c). Second, and more surprisingly, it rejects the monophyly
of the sea biscuits and sand dollars, proposing instead a sister relationship between Conolampas

57

sigsbei (an echinolampadoid) and only one of the two main subdivisions of clypeasteroids, the
scutellines. Both of these topologies were recovered by previous molecular analyses [8, 10, 25],
but were disregarded due to the perceived strong conflict with morphological data [12, 40].
We further explored coalescent-based inference using ASTRAL-II [50], which recovered
a very similar topology to the other approaches. Notably, however, it strongly supported the
placement of Conolampas in an even more nested position, inside the clade formed by scutelline
sand dollars, sister to Scutelliformes Haeckel, 1896 (Fig. 3a). Exploration of gene tree
incongruence using a supernetwork approach revealed topological conflicts among gene trees in
the resolution of the Conolampas + scutelline clade, with Conolampas, Echinocyamus and
scutelliforms forming a reticulation (Fig. 3a, inset). We hypothesize this to be the consequence of
high levels of gene tree error caused by the heterogeneity in rates of evolution among the
included lineages, with Conolampas evolving significantly slower, and Echinocyamus
significantly faster, than the scutelliforms (as shown by non-overlapping 95% confidence
intervals in Fig. 2b). To test this hypothesis, we performed species tree inference with ASTRALII using approximately a third of the gene trees, selecting those derived from genes with the
lowest levels of both saturation and rate heterogeneity across lineages (Fig. 3c). The resulting
topology agrees with those obtained from concatenation approaches in every detail, with the
position of Conolampas shifting to become sister to the scutellines with a relatively strong local
posterior probability (localPP) of 0.91 (Fig. 3b). In contrast, most species trees derived from
equal-sized subsets of randomly selected gene trees provide strong support for placing
Conolampas in disagreement with the position obtained by other methods (average localPP =
0.92; Fig. 3d). The few replicates in which Conolampas is recovered as sister to the scutellines
(16%), receive low support values (average localPP = 0.51; Fig. 3d).
Finally, we used a series of topological tests to assess the strength of evidence for our
most likely topology against the two traditional hypotheses of relationships with which it
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conflicts most strongly: the monophyly of Acroechinoidea and Clypeasteroida, clades that are
supported by morphological data [12] and recognized in the current classification of echinoids
(Fig. 1l). SOWH tests [51] strongly rejected monophyly in both cases (both P values < 0.01). We
were able to trace the signal opposing the monophyly of these two clades down to the gene level,
with a predominant fraction of genes showing support for the novel position of Echinothurioida
united with Pedinoida and Diadematoida, as well as for the position of echinolampadoids as sister
to the scutelline sand dollars (Fig. 4). Genes supporting these novel groupings showed strong
preference for them, while the comparatively smaller fraction of genes favoring the traditional
resolutions did so only weakly.
Furthermore, we were unable to detect evidence that this signal arises from non-historical
sources. The set of genes supporting these novel topologies is not enriched in potentially biasing
factors, including compositional heterogeneity, among-lineage rate variation, saturation, and
amount of missing data (multivariate analysis of variance (MANOVA), P = 0.130 and 0.469 for
clypeasteroid and acroechinoid monophyly contraints, respectively; see Fig. 5). In fact, a multiple
linear regression model using these variables as predictors of gene-wise δ values (i.e., the
difference in log-likelihood score for constrained and unconstrained ML topologies for each
individual locus) is also non-significant (P = 0.202 and 0.160), explaining in each case less than
3% of total variance in δ values. Thus, we detect no evidence that the support for these novel
hypotheses stems from anything other than phylogenetic history.

1.4 DISCUSSION
1.4.1 General comments
Since the publication of Mortensen’s seminal monographs (starting almost a century
ago), echinoid classifications have largely relied on morphological data. Detailed study of the
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plate arrangements in the echinoid test has proved a rich source of characters for both fossil and
extant taxa, integrating them in a unified classification scheme. However, the amount of time
separating the main echinoid lineages, coupled with the profound morphological reorganization
they have experienced, have resulted in parts of their higher-level classification remaining
uncertain. Although molecular data offer an alternative source of phylogenetic information,
efforts so far have largely targeted a restricted character set of limited utility for deep-time
inference, resulting in issues similar to those faced by morphological attempts. Phylogenomics
hold the potential to provide insights into the deep evolutionary history of echinoids, an avenue
explored here for the first time.
Analysis of our phylogenomic dataset provided similar estimates of phylogeny using
either concatenation or coalescent-based methods (Figs. 2a and 3a), with the exception of one
node that was resolved differently by the two approaches. This node involved the order of
divergences among two lineages with dissimilar rates of molecular evolution, namely
Echinocyamus crispus, a scutelline sand dollar with the fastest rate of evolution among all
sampled taxa, and Conolampas sigsbei, a relatively slow-evolving echinolampadoid (at least in
the context of the remaining neognathostomates, Fig. 2b). Extensive rate variation among
neognathostomate lineages has been reported previously, with potential consequences for
phylogenetic inference and time-calibration [25, 27, 48]. Although increased taxonomic sampling
is required, several lines of evidence suggest that the tree obtained by ASTRAL-II is artefactual,
including the strong support for the alternative resolution found by all other methods, the
implausible morphological history that this species tree implies, and its even greater departure
from previous phylogenetic results [10, 25, 30]. We were able to bring ASTRAL-II into
agreement with concatenation-based approaches by including only those genes expected to better
handle the difference in evolutionary rate among the sampled taxa (Fig. 3b, c).
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The resulting topology shows strong support for the same resolution of
Neognathostomata found across all concatenation-based approaches. Although we did not
formally test the reason behind this change in topology inferred with ASTRAL-II, we found that
species trees obtained from randomly subsampled gene trees are generally identical to the one
supported by the full set of gene trees (Fig. 3d). The widespread adoption of methods accounting
for incomplete lineage sorting is one of the major innovations made possible by phylogenomics
[52], but its utility for phylogenetic inference in deep time remains a topic of discussion [53, 54].
Simulations have demonstrated that genes with minimal phylogenetic information might produce
unreliable gene trees, which in turn reduce the accuracy of species tree estimation using summary
methods [55, 56]. Our empirical analysis shows that rate heterogeneity among neognathostomate
echinoids might be strong enough to bias some coalescent-based approaches, potentially by
reducing the phylogenetic signal of individual genes and affecting gene tree accuracy (as recently
found by other empirical studies, see [57] and references therein).
The topology of the tree obtained using probabilistic methods of inference (Fig. 2a) is
consistent in many ways with previous analyses of Echinoidea, both morphological and
molecular. The two cidaroids sampled are recovered as sisters, and as a clade they are joined to
all other echinoids at the earliest internal node of the group; Euechinoidea is thus supported by
our findings. Some previous authors relied heavily on the fact that adults of some irregular
echinoid taxa have an Aristotle's lantern (e.g., clypeasteroids), while others lack the jaw apparatus
entirely (e.g., spatangoids and holasteroids), to argue that Irregularia is polyphyletic [58–60].
These arguments have since been rejected by nearly every phylogenetic analysis [9, 10, 12, 25,
29–31, 61–63]; the strong support in our phylogenomic analysis for the monophyly of the
sampled irregular echinoids is therefore largely uncontroversial. Although our taxonomic
sampling is insufficient to establish which clade constitutes the sister group to Irregularia, we do
not recover diadematoids or pedinoids in such a position, as previously suggested [12, 37].
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Instead, our topology shows Echinacea as their closest relative among the sampled taxa (as in
[25], among others). Within irregular echinoids, Atelostomata von Zittel, 1879 has long been
regarded as monophyletic, comprising two major extant clades, holasteroids and spatangoids [12,
64], a topology further supported by previous molecular analyses (e.g., [25]). Taxon sampling for
the deep-sea holasteroids continues to be a challenge, but we were able to sample what we have
determined to be a new species of Pilematechinus. Our phylogenomic analysis strongly supports
a sister group relationship between this holasteroid and two species of brissid spatangoids, which
themselves form a clade.
There remain two major points of departure between our phylogenomic tree (regardless
of method choice) and those generally accepted. One discrepancy concerns the echinothurioid
and aulodont taxa. The other involves the "cassiduloids" and clypeasteroids (sensu lato). We find
maximum support for novel resolutions of these clades among all probabilistic methods explored,
including both site-homogenous and heterogenous approaches to model molecular evolution.
These rely on different underlying assumptions and are able to cope with problems such as
saturation and rate variation to different extents, thus often producing contradicting topologies
[47, 65, 66]. SOWH topological tests show that our phylogenomic data significantly reject the
traditional resolution of these clades. We find no evidence that this signal is restricted to a few
“outlier” genes or that it stems from systematic biases (as is the case with many phylogenomic
datasets, e.g., [67–71]), but rather appears to be the result of true phylogenetic signal distributed
throughout the genome (Figs. 4 and 5).
Should further testing with an expanded taxonomic sampling support the topology of our
tree it will have significant implications for echinoid research, systematics, and paleontology. We
examine these implications below to explore how they can be reconciled with former and present
views of the evolution of the groups in question and to propose appropriate nomenclatural
changes.
62

1.4.2 Non-monophyly of Acroechinoidea sensu Smith, 1981
Our result departs from that of nearly every recent morphological analysis in placing both
of our sampled, distantly related diadematoids (sensu [12]) as sister to a clade uniting
echinothurioids and pedinoids. Notably, previous molecular studies had found a clade composed
of these three lineages (e.g., [25]), a result that was not explored because this clade was not
recovered in a total evidence inference incorporating morphological data.
There are several morphological similarities that could be interpreted as evidence of a
relationship between echinothurioids and diadematoids [12, 29, 72]. In spite of these, a purported
lack of "advanced" features was deemed to make echinothurioids too unlike other euechinoids,
ultimately leading to their placement as sister to the remainder of euechinoid diversity
(Acroechinoidea). This topology was counter to earlier classifications, notably that of Durham
and Melville [58], who placed pedinids with echinothuriids (both at the family level) in the order
Echinothurioida, which they united with Diadematoida into Diadematacea Duncan, 1889. This is
precisely the hierarchical arrangement recovered by our phylogenomic analysis.
In proposing Acroechinoidea, Smith [9] listed several plesiomorphies of echinothurioids
that made them the "primitive sister group to all other euechinoids" (p. 792) including the
imbricate, flexible test, ambulacral plate columns that extend onto the peristomial membrane (i.e.,
lack of specialized buccal plates [73]), internal coelomic pouches associated with the lantern
(Stewart's organs), a somewhat flattened lantern with a U-shaped foramen magnum in the
pyramids, and shallow, grooved teeth. Kroh and Smith [12] specifically mentioned two features
of acroechinoids supporting their monophyly: plate compounding, with ambulacral primary
tubercles mounted on more than one plate; and reduction of the ambulacral plating on the
peristomial membrane to 5 pairs of buccal plates.
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Flexibility of the test corona is ubiquitous among Triassic forms such as miocidarids,
thought to have given rise to all post-Paleozoic echinoids [74]. Test rigidity would have had to
evolve independently in cidaroids and acroechinoids for the echinothurioid condition to represent
a retention of this plesiomorphy. We suggest instead that flexibility originated secondarily among
echinothurioids, possibly as an adaptation to the difficulties of secreting calcium carbonate in the
deep-sea. Echinothurioid plate morphology, arrangement, and distribution of collagen between
the plates are unlike those in Paleozoic forms, supporting this interpretation. Furthermore,
imbrication and slight flexibility are also present in coronal regions of some diadematoids.
Stewart's organs are present in cidaroids, echinothurioids and some diadematoids, with
vestigial remnants in pedinoids [9]; the loss of this organ cannot therefore constitute an
acroechinoid synapomorphy. Likewise, although the ambulacral plating in echinothurioids is
unusual among euechinoids, it is fully consistent with the diadematoid pattern of triplets [75] and
cannot be the basis for removing echinothurioids from the acroechinoids (sensu [9]). Even though
echinothurioids differ from diadematoids by lacking a primary tubercle spanning the triplets, this
could be related to the overall spine size reduction among echinothurioids.
Monophyly of acroechinoids has been supported previously by citing loss of ambulacral
plating on the peristomial membrane, where only five ambulacral pairs of buccal plates are
present [9, 12]. However, the aberrant Kamptosoma (see [72, 75]), recently suggested to be sister
to all other echinothurioids [12], is unique among them in having five pairs of buccal plates, just
as in acroechinoids. Kamptosoma retains an apparently plesiomorphic condition not only for this
clade, but for all euechinoids, whereas all other echinothurioids possess an autapomorphic, plated
peristomial membrane. Fully consistent with this, the peristomial regions of cidaroids and
echinothurioids grow in substantially different ways [76, 77], suggesting that the continuation of
ambulacra onto the peristomial membrane is not homologous between them. Kamptosoma also
has a similar structure of tooth plates to that of diadematoids [72], and possesses crenulate
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tubercles, otherwise absent from echinothurioids [75]. The spines of diadematoids and
echinothurioids tend to be either hollow or have a lumen filled with reticulated stereom [78].
Although most pedinoids have solid primary spines, those in Caenopedina also have reticulated
stereom in the lumen (Coppard SE, unpublished data). Diadematoids and echinothurioids are also
notorious as the only echinoids with venom-bearing spines, a potential synapomorphy that unites
them in the same clade.
Diadematoids, echinothurioids and pedinoids likely diverged from each other sometime
during the Triassic [8, 40], and the length of ensuing time has obscured their commonalities, as
already noted by Mortensen [79]. Further analysis of the ontogeny of echinothurioids is needed to
determine how their unique features are gained, or how apomorphies attributed to acroechinoids
(sensu lato) might have been lost. However, almost no ontogenetic information exists for
echinothurioids or pedinoids. Chemical analysis of the venoms in echinothurioids and
diadematoids could be used to test whether these systems are homologous, exploring whether less
robust test development is related to enhanced protection afforded by venomous spination. The
relationship of these features to abyssal environments is also poorly understood. Future
phylogenomic work is needed to place the remaining aulodont lineages (aspidodiadematoids and
micropygoids) within this novel phylogenetic structure.
The topology of our tree implies nomenclatural changes to the current echinoid
classification scheme [12]. Extending the concept of acroechinoids to include echinothurioids
would be redundant with the concept of Euechinoidea, and counter to the original concept of
Acroechinoidea presented by Smith [9]. Restricting Acroechinoidea to all euechinoids except for
echinothurioids, diadematioids, and pedinoids would make the junior term Carinacea redundant.
In accepting the topology presented herein, we abandon the term Carinacea, and amend
Acroechinoidea to include all euechinoids other than diadematoids + echinothurioids + pedinoids.
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For this latter group, we resurrect the name Diadematacea Duncan, 1889 (sensu [58]). If a name
is needed for the pedinoid + echinothurioid clade, we recommend using Echinothuriacea.

1.4.3 Non-monophyly of Clypeasteroida L. Agassiz, 1835
Sand dollars and sea biscuits (clypeasteroids) are recognizable at a glance and their
monophyly has been resoundingly supported by all morphological analyses (e.g., [9, 12, 38, 61,
80–82]). According to Kroh and Smith [12], the clade contains two subgroups: Clypeasterina L.
Agassiz, 1835 (sea biscuits), and Scutellina Haeckel, 1896, including scutelliforms ("true" sand
dollars) and laganiforms (sea peas and sun dollars). Clypeasteroids (sensu lato) are presently
grouped with so-called "cassiduloids" in the clade Neognathostomata Smith, 1981. Among these,
the oligopygids have been considered sister to clypeasteroids [12, 38, 39, 83, 84], as both share
the presence of a lantern as adults, a trait otherwise absent among neognathostomates. However,
lanterns are present in juvenile forms of members of all the main extant "cassiduloid" clades [77,
85, 86], and their teeth are very similar to those of clypeasterines and scutellines [85]. Such
similarities suggest that lanterns in adult clypeasterines, scutellines and oligopygoids represent
the re-expression in later ontogenetic stages of a trait never fully lost [38, 61].
Littlewood and Smith [30] supported a monophyletic Clypeasteroida based on a total
evidence approach, even though their rRNA tree showed a cassidulid within clypeasteroids in a
sister group relationship to Scutellina. This result was also obtained by Smith et al. [25] in an
analysis including multiple "cassiduloids", all of which grouped together as sister to the
scutellines, with clypeasterines again falling sister to this clade. Smith [40] indicated that there
was no evidence to suggest this topology was the result of biases but conceded that "it is hard to
reconcile this observation with the strong morphological evidence for clypeasteroid monophyly"
(p. 304).
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Nor can we attempt a full reconciliation here. However, we can suggest ways of
explaining these results in light of the strong support for clypeasteroid non-monophyly in our
phylogenomic analysis. Mooi [38] noted that the lantern supports of scutellines and
clypeasterines are dramatically different, with the configuration present in scutellines being
entirely unique to that group. This could be reinterpreted as an indication that lanterns reappeared
in adults separately in the two clades. The presence of lanterns in juvenile “cassiduloids” implies
that the genetic architecture associated with the lantern was never lost from the ancestors of either
the clypeasterines or scutellines, allowing this transition to occur multiple times. There are other
significant differences between the lanterns of clypeasterines and scutellines (illustrated in [87])
that could also be explained by a separate derivation of the structure in the two lineages. We
therefore suggest this trait might not constitute a clypeasteroid synapomorphy.
Mooi [38] listed several other features supporting monophyly of clypeasteroids, but in
almost every case, there are substantial differences in the way the features are expressed in
clypeasterines and scutellines. For example, the number of sphaeridia is reduced in both, yet their
morphology and degree of reduction is entirely different. Although these differences were
originally interpreted as part of a transition series, they could also be evidence of non-homology.
In terms of their ecology, clypeasterines exploit more specific food sources than scutellines [88–
90], such as Foraminifera and other dominant species of infauna and epifauna (Mooi R,
unpublished data), again implying that the similarities between clypeasterines and scutellines
might be superficial, driven by commonalities in their modes of life.
However, there are two major features that are shared by clypeasterines and scutellines,
absent not just in "cassiduloids", but throughout most of the remainder of Echinoidea. One is the
set of internal buttresses and pillars inside the test, and the other is the enormous multiplication of
tube feet throughout the ambulacra. Both of these features were cited by Seilacher [91] as part of
the "sand dollar paradigm"—adaptations of greatly flattened echinoids to reduced exposure to
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drag forces and increasing the efficiency of podial particle picking [88]. It is possible that these
major, shared features of clypeasterines and scutellines are also convergences driven by
adaptation to life on shifting sediments in hydrodynamically active environments. There are many
other examples of parallel evolution among echinoids in response to similar evolutionary
challenges [92], such as the postulated independent origin of several “sand dollar features” in
arachnoidids and scutelliforms [38, 91], and the presence of internal buttresses in discoidid
holectypoids [12, 93]. These morphologies constitute important avenues for further analysis in
view of the non-monophyly of clypeasteroids.
Although it remains possible that sand dollar features were lost in "cassiduloids", such a
reversal is likely even less parsimonious, implying more evolutionary events than the convergent
appearance of these features in clypeasterines and scutellines, especially when fossil taxa are
considered. A more robust resolution of the relationships of clypeasterines and scutellines to
oligopygids and other “cassiduloids” is needed to constrain these evolutionary scenarios. If the
results from all recent molecular work can be taken at face value, not just the echinolampadoids,
but cassiduloids, and possibly even apatopygids [39] are part of the sister clade to the scutellines.
Consequently, both clypeasterines and scutellines may have originated much earlier than once
hypothesized, at least prior to the Cenozoic, and possibly even in the early Cretaceous. In light of
our phylogenomic topology, a reinterpretation of the morphology of the lantern system (including
the arrangement of the lantern supports) might suggest that the extinct oligopygids are sister to
clypeasterines alone. Further work on the morphology of the lantern present in early
developmental stages of extant “cassiduloids” should provide a test of the independent derivation
of lantern types and establish the likelihood of various scenarios implied by clypeasteroid nonmonophyly.
Clypeasteroida derives its name from Clypeasterina. Therefore, the clade that now
contains scutelliforms + laganiforms requires a new name, and we propose Scutelloida. As yet,
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we do not know all the successive outgroups to this clade, and whether it includes all, or a subset
of the "cassiduloids". However, at minimum from the topology of the phylogenomic tree, we
recognize a clade that includes Echinolampadoida + Scutelloida, named Echinolampadacea.

1.5 CONCLUSIONS
This study expands the set of transcriptomic resources for sea urchins, providing the first
available data for many distinct lineages. Phylogenetic analyses of the resulting datasets provide a
robust resolution of the backbone of the echinoid tree of life, settling many uncertainties
regarding the position of multiple clades. Our efforts resolve several conflicting nodes among
previous morphological and molecular approaches in favor of the latter and represent a major step
towards unravelling the evolutionary history of this ancient clade. Further work is required to
confirm the placement of some remaining lineages within this novel topology, as well as to
interpret fully its evolutionary implications, especially with respect to the implied morphological
convergences between sand dollars and sea biscuits. Nonetheless, our phylogenomic study opens
up new lines of research exploring the evolution of morphology and development among sea
urchins in a phylogenetically explicit framework.

1.6 METHODS
Publicly available datasets were downloaded from either NCBI or EchinoBase [45].
Although substantial genomic resources have been recently gathered for echinoids, most of these
come from relatively closely related species, and sampling of the main echinoid lineages remains
sparse. From the available data, we chose to include four high-quality genomes and 11
transcriptomic datasets (Table 1). All of these transcriptomes were sequenced using pair-end
sequencing in Illumina platforms, with a sequencing depth of no less than 18 million reads
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(average = 29.7 million). These were supplemented with 17 de novo sequenced transcriptomes,
significantly increasing coverage of the main lineages of echinoids. All specimens employed
were sampled following national and international guidelines and regulations. Total RNA was
extracted from either fresh tissues or from tissues preserved in RNAlater (Invitrogen) buffer
solution. For large specimens, tissue sampling was restricted to tube feet, muscles and/or gonads,
so as to avoid contamination with gut content. Whenever possible, small specimens were starved
at least overnight, before extraction of total RNA from whole animals. Extractions were
performed using Ambion PureLink RNA Miniprep Kit (Life Technologies) or Direct-zol RNA
Miniprep Kit (with in-column DNase treatment; Zymo Research) from Trizol. mRNA was
isolated with Dynabeads mRNA Direct Micro Kit (Invitrogen). RNA concentration was estimated
using Qubit RNA broad range assay kit (average 76.1 ng/μL, range = 36.6 – 166), and quality
was assessed using RNA ScreenTape with an Agilent 4200 TapeStation or total RNA Nano Chips
on an Agilent Bioanalyzer 2100. Values were used to customize downstream protocols following
manufacturers’ instructions. Library preparation was performed with either Illumina TruSeq RNA
or KAPA-Stranded RNA-Seq kits, targeting an insert size in the range of 200-300 base pairs (bp).
Quality, concentration and molecular weight distribution of libraries were assessed using a
combination of DNA ScreenTape, a Bioanalyzer 2100 and KAPA (qPCR-based) library
quantification kits. Libraries were sequenced in multiplexed pair-end runs using Illumina HiSeq
2500 or 4000 platforms, with between 2 and 8 libraries per lane, resulting in an average
sequencing depth of 49.5 million reads (range: 38.0 – 88.6). In order to minimize read crossover,
we employed 10 bp sequence tags designed to be robust to indel and substitution errors [94].
Further details regarding extraction and preparation protocols per species is described in Table
S1. All sequence data have been deposited in the NCBI sequence read archive (SRA) with
Bioproject accession number PRJNA477520.
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Reads for all species were trimmed or excluded based on sequence quality scores using
Trimmomatic v. 0.36 [95] with default parameters. The Agalma 1.0.1 pipeline [96, 97] was then
employed to automate all steps from transcriptome assembly to alignment and construction of
data matrices. This phylogenomic workflow allows for straightforward integration of a variety of
bioinformatics tasks, including alignment with Bowtie2 [98] and MAFFT [99], assembling with
Trinity [100] and alignment trimming with GBlocks [101], among many others (see [96]).
Summary statistics output by Agalma for each library are shown in Table S1. Initially, outgroups
were represented using transcriptomic datasets, but this resulted in high amounts of missing data.
To circumvent this problem, outgroups were replaced with publicly available protein models
derived from echinoderm genomes (obtained from [45]). These greatly outperformed
transcriptomic data except in the case of the protein model of Parastichopus parvimensis H. L.
Clark, 1913, which yielded a much lower number of recovered loci than a transcriptome of
Holothuria forskali. Holothuroids were thus represented using the latter. Given the lack of
available protein models for crinoids, all trees were rooted using data derived from the highquality genome of the hemichordate Saccoglossus kowalevskii. The resulting matrix was reduced
to a 70% occupancy value, resulting in 1,040 aligned loci.
As already explained, initial analyses were complicated by what we interpret as massive
contamination by cidaroid sequences of the transcriptome of Arbacia punctulata (Fig. S2). In
order to explore the presence of other sources of contamination in the alignment output by
Agalma, we used BLAST+ [102] to compare all sequences against a database including protein
models for both metazoan and non-metazoan representatives (including common contaminants
such as Archaea, Bacteria and Fungi; available at
http://ryanlab.whitney.ufl.edu/downloads/alien_index/). For each sequence, the E-value of the
best metazoan and non-metazoan hits were used to calculate the alien index (AI), an indicator of
foreign (in this case, non-metazoan) origin [103]. Estimation of AI was automated using
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alien_index version 3.0 [104]. No sequence in the alignment was shown to have a definite nonmetazoan origin (all AI < 45). The analysis was repeated, this time obtaining AIs for a
comparison between echinoderm and non-echinoderm metazoans. For this, the protein model for
Strongylocentrotus purpuratus was removed from the metazoan set and incorporated into a
second set including all publicly available protein models for echinoderms (all of the ones used
here, plus those of Parastichopus parvimensis and Lytechinus variegatus). Once again, no
echinoderm sequence in our phylogenomic matrix was found to have a definite non-echinoderm
origin. Finally, a similar approach to the one used to confirm contamination in Arbacia was
repeated for all newly-generated transcriptomes. Sequences for each focal transcriptome were
compared against two randomly selected transcriptomes using p-distances, and a linear regression
was fit to the data. Extreme outliers from this regression line might indicate assembled sequences
incorporating foreign reads. Regression residuals are plotted in Fig. S3, showing very few
sequences that dramatically deviate from the expected values. In fact, 99.1% of the data fall
within a prediction envelope of 3 standard deviations. A wide variety of mechanisms other than
contamination can potentially explain the departure of the few remaining sequences from the
expected patterns of divergence. Nonetheless, even if these do represent instances of crosscontamination, their effect is not expected to bias systematically the breadth of phylogenetic
approaches employed.
ML inference on the concatenated alignment was performed using a variety of
approaches to model molecular evolution. Firstly, analyses were run using RAxML-NG v. 0.5.1
[105] on the unpartitioned matrix using the LG4X mixture model, which models heterogeneity
across sites using four substitution matrices to which characters are assigned depending on their
evolutionary rate [106]. A second mixture model, posterior mean site frequency (PMSF) [107],
was explored using IQ-TREE v1.6.6 [108] (-m LG+C60+F+G) as a fast approximation to the
CAT family of models. The topology obtained from the ML analysis under the LG4X model was
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used as guide tree to compute site amino acid profiles. Finally, inference was performed using
RAxML v8.2.1 [109] under the best-fit partitioning scheme found using the fast-relaxed
clustering algorithm among the top 50% of schemes obtained using IQ-TREE [110] (-m
TESTMERGEONLY -mset raxml -rclusterf 50). For this and all other instances of model
selection, optimal models were those that minimized the Bayesian Information Criterion. Support
was assessed using 200 replicates of non-parametric bootstrapping for the two analyses run in
RAxML, and 1,000 replicates of ultrafast bootstrap [111] for the analysis run in IQ-TREE. BI
was also performed with the concatenated dataset using two different approaches. In the first, two
independent chains of ExaBayes v. 1.5 [112] were run for five million generations using
automatic substitution model detection. In the second, PhyloBayes-MPI v. 1.8.1 [113] was run
under the site-heterogenous CAT model [114], which models molecular evolution employing
site-specific substitution processes. Preliminary runs using the complex CAT+GTR model (two
chains, 3,000 cycles) failed to converge, as is routinely the case with large phylogenomic datasets
[115]. Nonetheless, exploration of the majority rule consensus tree (available at the Dryad data
repository [116]) revealed disagreement among chains regarding a few nodes within
camarodonts, with the rest of the topology being identical to that of Fig. 2a. A more thorough
analysis was performed under the simpler CAT-Poisson model, with two independent chains
being run for 10,000 cycles. For both BI approaches, stationarity was confirmed using Tracer
v1.6 [117], the initial 25% of samples were excluded as burn-in, and convergence was assessed
using the software accompanying each program (in both cases, maximum standard deviation of
split frequencies = 0).
Finally, coalescent-based species tree inference was performed using the summary
algorithm implemented in ASTRAL-II [50], estimating support using local posterior probabilities
[118]. Gene trees were estimated in RAxML under the best-fit model for each partition. Species
tree reconstruction was then performed using the complete set of 1,040 gene trees, as well as a
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subset of 354 gene trees obtained after excluding 66% of genes that showed the highest evidence
of both among-lineage rate heterogeneity and saturation. Rate heterogeneity was estimated as the
variance of root-to-tip distances, and saturation as the slope of the regression of p-distances on
patristic distances [119]. The value for the slope was subtracted from 1 so that higher numbers
correspond to increased saturation. Both metrics were centered, scaled and added together, and
genes were excluded if they were among the highest-ranking 66%. Calculations were performed
in the R environment [120] with packages adephylo [121], ape [122], phangorn [123] and
phytools [124] (R code is available at the Dryad data repository [116]). In order to explore
topological incongruence, gene trees were decomposed into quartets using SuperQ v. 1.1 [125],
and a supernetwork was built in which branch lengths were calculated as the frequency of
quartets in the set of ML gene trees using SplitsTree v4.14.6 [126].
To test whether outlier sequences have any impact on the results presented here, we reran
a subset of the inference approaches using a further curated dataset. Gene trees were scrutinized
using TreeShrink [127], which filtered out sequences with unexpectedly long branches by finding
terminals that had strong effects on gene tree diameter (i.e., the maximum distance between pairs
of terminals), given species-specific distributions of proportional reduction in gene tree diameter
after exclusion. Even though terminal branches can be long for biological reasons, the set of
detected outlier sequences is expected to be strongly enriched in erroneous sequences, including
those suffering from any lingering issues of contamination, incorrect orthology assessment and
misalignment. The algorithm implemented was designed to distinguish between branches that are
expectedly long, such as outgroups and fast-evolving species, from branches that are
unexpectedly long. However, under default parameters, the set of branches selected as outliers
was still strongly enriched in sequences from outgroups and the fast-evolving Echinocyamus
cripsus (28.0% of outlier sequences compared to 15.6% of representation in the matrix). We
therefore reran the software with a reduced tolerance for false positives (-q 0.02), and obtained
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more robust results. The program suggested the exclusion of 345 sequences, reducing overall
occupancy to 69.2%. Analysis of this dataset under coalescent, ML and BI approaches (using
ASTRAL-II, IQ-TREE and ExaBayes as already described, see above), revealed no effect of
these sequences on the topology, branch lengths or support values (Fig. S4).
We used the Swofford-Olsen-Waddell-Hillis (SOWH) test [51] to evaluate two specific
hypotheses of relationships—the monophyly of Acroechinoidea and Clypeasteroida. This
topological test compares the difference in log-likelihood scores (δ) between the maximum
likelihood tree and a constrained topology, obtained by enforcing the monophyly of the clade
under consideration, with a distribution of δ values obtained via parametric bootstrapping (i.e.,
using data simulated on the constrained topology). The test was implemented using SOWHAT
v0.36 [128], enforcing separate monophyly constraints for Acroechinoidea and Clypeasteroida
and setting the model to JTT+Γ+I with empirical amino-acid frequencies (--raxml_model =
PROTGAMMAIJTTF), selected as the optimal unpartitioned model by IQ-TREE for the
concatenated dataset. Evaluation of the confidence interval around the resulting P-values revealed
no need for more replicates (i.e., upper limits of the 95% confidence intervals surrounding both
P-values were < 0.05). Subsequently, log-likelihood scores for all sites in the ML unconstrained
and both constrained topologies were obtained using RAxML, allowing gene-wise δ values to be
calculated (as in [71]). The relationship between these gene-specific δ values and several factors
with the potential to introduce systematic biases was explored using MANOVA and multiple
linear regression approaches. Potentially confounding variables explored included the amounts of
saturation and branch-length heterogeneity (calculated as explained above), as well as the levels
of missing data and compositional heterogeneity. This last was estimated as the relative
composition frequency variability (RCFV; [129]) using BaCoCa v1.103 [130]. Only genes that
showed some support for either one of the topologies were included in the analyses, enforcing an
arbitrary cutoff of absolute δ values > 3. With this approach, we evaluated both the strength and
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distribution of signal for our alternative hypotheses, as well as the possibility that this signal is the
product of processes other than phylogenetic history.
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Figure 1: Morphological and taxonomic diversity of echinoids included in this study. a.
Prionocidaris baculosa. b. Lissodiadema lorioli. c. Caenopedina havaiisensis. d. Asthenosoma
varium. e. Colobocentrotus atratus. f. Strongylocentrotus purpuratus. g. Pilematechinus sp. h.
Brissus obesus. i. Dendraster excentricus. j. Clypeaster subdepressus. k. Conolampas sigsbei. l.
Current echinoid classification, modified from [6]. Clade width is proportional to the number of
described extant species; clades shown in white have representatives included in this study (see
Table 1). Colored pentagons are used to identify the clade to which each specimen belongs, and
also correspond to the colors used in Fig. 2. Throughout, nomenclatural usage follows that of [6],
in which full citations to authorities and dates for scientific names can be found. Photo credits:
G.W. Rouse (a, c, e-i), FLMNH-IZ team (b), R. Mooi (d, j), H.A. Lessios (k).
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Figure 2: a. Maximum likelihood phylogram corresponding to the unpartitioned analysis. The
topology was identical across all four probabilistic methods employed, and all nodes attained
maximum support except for the node at the base of Scutellina, which received a bootstrap
frequency of 97 and 98 in the maximum likelihood analyses under the LG4X and PMSF mixture
models, respectively (see Methods). Circles represent number of genes per terminal. Numbered
nodes denote novel taxon names proposed or nomenclatural amendments (see Discussion), and
are defined on the top right corner. b. Distance of each ingroup species to the most recent
common ancestor of echinoids, which provides a metric for the relative rate of molecular
evolution. Dots correspond to mean values out of 2,000 estimates obtained by randomly sampling
topologies from the post burn-in trees from PhyloBayes (using the CAT-Poisson model), which
better accommodates scenarios of rate variation across lineages. Lines show the 95% confidence
interval.
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Figure 3: Phylogenetic inference using the coalescent-based summary method ASTRAL-II. a.
Phylogeny obtained using all 1,040 gene trees. The phylogeny conflicts with that obtained using
all other methods by placing Conolampas sigsbei inside Scutellina, sister to Scutelliformes. The
91

neognathostomate section of a supernetwork built from gene tree quartets is also depicted,
showing a reticulation involving Conolampas, Echinocyamus and scutelliforms. b. Phylogeny
obtained using 354 gene trees, selected to minimize the negative effects of saturation and acrosslineage rate heterogeneity. The position of Conolampas shifts to become sister to Scutellina (as in
all other methods), with relatively strong support. To emphasize the shift in topology between the
two, only neognathostomate clades have been colored (as in Fig. 2), and nodes have maximum
local posterior probability unless shown. c. Values of the two potentially confounding factors
across all genes. Genes in red were excluded from the analysis leading to the topology shown in
b. Histograms for both variables are shown next to the axes. d. Summary of the results obtained
performing inference with ASTRAL-II after deleting 66% of genes selected at random (100
replicates). Most replicates showed the same topology as in a. Only 16% placed Conolampas as
sister to Scutellina (top), and even among them the support for this resolution was generally weak
(bottom).
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Figure 4: Distribution of phylogenetic signal for novel resolutions obtained in our phylogenomic
analyses. Signal is measured as the difference in gene-wise log-likelihood scores (δ values) for
the unconstrained (green) and constrained topologies enforcing monophyly of Acroechinoidea
(top, red) or Clypeasteroida (bottom, blue). The same results are shown on the right, except that
values are expressed as absolute differences and genes are ordered following decreasing δ values
to show the overall difference in support for both alternatives.
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Figure 5: Exploration of potential non-phylogenetic signals biasing inference. Gene-wise δ
values (as shown in Fig. 4) obtained by constraining acroechinoid (top) and clypeasteroid
(bottom) monophyly are shown using dot size and color (see legend). Root-to-tip variance axis
was truncated to show the region in which most data points lie. The relative support for these
topological alternatives does not depend on the four potentially biasing factors explored, as seen
by the lack of clustering of genes with similar δ values along the axes.
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Table 1: Information on the species and sequences used in the analysis. Sampling locality is
shown for newly sequenced taxa, citations for data obtained from the literature. For deep-sea
specimens, sampling depth is also reported.
Clade

Species

Arbacioida Gregory,

Arbacia punctulata (Lamarck,

1900

1816)

Camarodonta

Colobocentrotus atratus

Jackson, 1912

(Linnaeus, 1758)
Echinometra mathaei

Data

Sampling locality

Voucher

SRA/Genome

type1

(depth)/Source

number

numbers

T

[43]

SIO-BIC

SRR2843235

E6740
Kailua Kona, Hawaii

SIO-BIC

Island

E7012

Al-Fahal Reef, Red Sea,

SIO-BIC

Makkah, Saudi Arabia

E6896

T

[131]

-

SRR1014619

T

[132]

-

SRR1211283

T

[5]

-

SRR1139214

T

[133]

-

SRR5017175

T

[134]

-

SRR1735501

T

[5]

-

SRR1139199

G

[45]; Spur_4.2

-

GCF

T

T

(Blainville, 1825)
Evechinus chloroticus

SRR7513588

SRR7513581

(Valenciennes, 1846)
Heliocidaris erythrogramma
(Valenciennes, 1846)
Lytechinus variegatus
(Lamarck, 1816)
Mesocentrotus nudus (A.
Agassiz, 1864)
Paracentrotus lividus
(Lamarck, 1816)
Sphaerechinus granularis
(Lamarck, 1816)
Strongylocentrotus
purpuratus (Stimpson, 1857)
Cidaroida Claus,

Eucidaris tribuloides

1880

(Lamarck, 1816)

000002235.4
T

[43]

SIO-BIC

SRR2844625

E6742

95

Prionocidaris baculosa

Al-Fahal Reef, Red Sea,

SIO-BIC

Makkah, Saudi Arabia

E6897

T

Bocas del Toro, Panama

-

SRR7513591

T

Bocas del Toro, Panama

-

SRR7513586

T

[43]

SIO-BIC

SRR2844623

T

(Lamarck, 1816)
Clypeasteroida sensu

Clypeaster rosaceus

A. Agassiz, 1872

(Linnaeus, 1758)
Clypeaster subdepressus

SRR7513584

(Gray, 1825)
Dendraster excentricus
(Eschscholtz, 1831)
Echinarachnius parma

E5640
T

[5]

-

SRR1139193

T

Al-Fahal Reef, Red Sea,

SIO-BIC

SRR7513576

Makkah, Saudi Arabia

E6903

Apalachee Bay, Wakulla

SIO-BIC

County, Florida

E7015

Al-Fahal Reef, Red Sea,

SIO-BIC

Makkah, Saudi Arabia

E6905

Kaneohe Bay, Honolulu,

UF Echino

Hawaii Island

18893

Willemstad, Curaçao

-

SRR7513579

Mount Quepos, Pacific

SIO-BIC

SRR7513578

Ocean, Costa Rica (1097

E7021

(Lamarck, 1816)
Echinocyamus crispus
Mazetti, 1893
Mellita tenuis H.L. Clark,

T

1940
Diadematoida

Diadema setosum (Leske,

Duncan, 1889

1778)
Lissodiadema lorioli

T

T

Mortensen, 1903
Echinolampadoida

Conolampas sigsbei (A.

Kroh and Smith,

Agassiz, 1878)

T

SRR7513583

SRR7513577

SRR7513580

(233-300 m)

2010
Echinothurioida

Araeosoma leptaleum A.

Claus, 1880

Agassiz and H.L. Clark, 1909

T

m)
Asthenosoma varium Grube,

T

1868
Holasteroida Durham
and Melville, 1957

Pilematechinus sp.

Momi Bay, Viti Levu,

-

SRR7513575

Axial Seamount, Juan de

SIO-BIC

SRR7513585

Fuca Ridge (1550 m)

E6947

Fiji
T

96

Pedinoida Mortensen,

Caenopedina hawaiiensis

1939

H.L. Clark, 1912

T

Mount Quepos, Pacific

SIO-BIC

Ocean, Costa Rica (1908

E7020

SRR7513589

m)
Spatangoida L.

Brissus obesus Verrill, 1867

San Clemente Island,

SIO-BIC

California

E7018

T

Bocas del Toro, Panama

-

SRR7513582

T

Sohoa, Mayotte

SIO-BIC

SRR7513587

T

Agassiz, 1840
Meoma ventricosa (Lamarck,

SRR7513590

1816)
Stomopneustoida

Stomopneustes variolaris

Kroh and Smith,

(Lamarck, 1816)

E7014

2010
Holothuroidea de

Holothuria forskali Delle

Blainville, 1834

Chiaje, 1823

Asteroidea de

Acanthaster planci (Linnaeus,

Blainville, 1830

1758)
Patiria miniata (Brandt,

T

[135]

-

SRR5109955

G

[136]; OKI-Apl_1.0

-

GCA
001949145.1

G

[44]; Pmin_1.0

-

1835)

1

Hemichordata

Saccoglossus kowalevskii A.

Bateson, 1885

Agassiz 1873

GCA
000285935.1

G

[137]; Skow_1.1

-

GCA
000003605.1

T = transcriptome, G = genome.
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Figure S1: Visual representation of the occupancy of the matrix employed. Rows represent taxa
and columns represent loci; presence is marked by a black cell (see also Fig. 2A). The matrix is
composed of 1,040 genes and 70% of cells are occupied. The excluded taxon, Arbacia
punctulata, is highlighted in blue. The effective occupancy of this reduced matrix was 70.3%.
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Figure S2: Phylogenetic position of Arbacia punctulata and evidence for contamination. A.
Methods explored showed strong support for two different positions of Arbacia among echinoids.
Both ML approaches, as well as ExaBayes, favored the topology on the left, with Arbacia sister
to all other Euechinoidea. Support values are taken from the unpartitioned ML analysis.
ASTRAL-II favored the more traditional position shown on the right, with Arbacia sister to a
Stomopneustes + camarodont clade. PhyloBayes did not converge, with one chain sampling from
each alternative topology. B. P-distances for all genes discovered in the transcriptome of Arbacia
against a randomly selected echinacean and a randomly selected cidaroid. A subset of genes
follows the expected linear trend of divergence with respect to these two groups, with slope < 1
consistent with its expected phylogenetic position within Echinacea (as in Fig. A, right). A
second group of genes has null distances to cidaroids, but non-zero distances to Echinacea (a
small jitter has been added to the value of the x-axis). Inspection of gene trees reveals most of
these show Arbacia sister to Eucidaris tribuloides (in red), suggesting contamination might have
99

occurred during handling of these two specimens. C. Once the putative contaminated sequences
assigned to Arbacia are excluded from the alignment (i.e., all with sequences identical to those of
cidaroids, of which we found 356 or 57.8% of the total recovered loci), its position within
Echinacea is strongly supported (topology and support values correspond to a partitioned ML
analysis; support is shown only if less than 100). The topology has Arbacia sister to
Camarodonta, consistent with the position favored by morphological data, but the limited amount
of data left precludes a robust resolution of echinacean relationships.
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Figure S3: Residuals obtained from a linear regression of p-distances for each gene in the final
alignment against its inferred orthologue in two other randomly selected taxa. Extreme outliers
from the expected linear relationship represent a minor proportion of the total dataset (~ 1%),
indicating cross-contamination is not expected to bias phylogenetic inference.
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Figure S4: Analyses excluding 345 outlier sequences detected by TreeShrink. A. The topologies
obtained under ML and BI approaches are identical to the ones obtained for the full dataset (Fig.
2A). Branch lengths depicted correspond to the ML tree. Support is maximum unless noted. B.
The topology obtained using ASTRAL-II is identical to the one obtained for the full dataset (Fig.
3A). Support is maximum for all nodes. C. Branch lengths are not modified by the exclusion of
outlier sequences (Pearson’s r = 0.99996, p < 10-16). D. Distribution of outlier sequences across
terminals.
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Table S1: Extraction, library preparation and sequencing protocols for all newly sequenced
samples, as well as statistics output by Agalma for all transcriptomes included. The percentage of
reads removed by Agalma includes ribosomal sequences, as well as adapter, quality and
composition failures. Number of genes refers to the number of loci for a given terminal in the
70% occupancy matrix (1,040 loci; Fig. 2C). Number of genes for the included genomes:
Strongylocentrotus purpuratus = 1,003; Acanthaster planci = 813; Patiria miniata = 736;
Saccoglossus kowalevskii = 733. Protocol A = Extraction with Direct-zol RNA Miniprep Kit,
library preparation with KAPA Stranded RNA-Seq kit, sequencing with Illumina HiSeq 4000
PE100; Protocol B = Extraction with Ambion PureLink RNA Mini Kit, library preparation with
Illumina TruSeq RNA kit, sequencing with Illumina HiSeq 2500 PE125.
Species

Protocol

Read pairs

(see

% removed by Agalma

insert

caption)

Araeosoma

Mean

Ribos

Ada

Qua

Compo

omal

pter

lity

sition

size

Reads

Coding

# of

pairs

transcr

gene

retained

ipts

s

A

32,824,194

238.9

0.6

0.4

21.5

2.7

25,565,104

50,630

863

-

17,997,804

190.6

1.7

1.7

10.9

5.2

15,193,857

33,500

616

B

67,577,575

191.4

0.05

0.09

18.8

0.4

58,110,236

59,996

948

Brissus obesus

A

30,348,945

237.1

1.3

2.2

23.4

3.2

22,564,575

19,655

511

Caenopedina

A

38,105,472

259.4

1.8

0.2

27.4

1.0

27,462,085

29,231

796

B

66,754,370

197.2

0.5

0.00

16.4

0.5

58,518,636

46,334

849

15.2

0.6

74,475,117

59,277

910

leptaleum
Arbacia
punctulata
Asthenosoma
varium

hawaiiensis
Clypeaster
rosaceus
Clypeaster

8
B

84,561,739

203.4

0.7

0.01

subdepressus
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Colobocentrotus

A

42,546,671

300.7

10.3

0.03

15.0

1.3

31,932,004

31,539

742

B

41,056,403

198.5

0

0

16.4

0.2

36,373,405

52,059

749

-

28,537,534

197.8

0.6

1.4

9.4

2.7

25,365,590

15,346

312

A

33,702,734

262.4

0.6

0.7

26.9

3.8

24,047,902

10,940

245

-

40,256,046

212.0

0.2

0.00

17.5

0.6

34,984,323

44,563

825

atratus
Conolampas
sigsbei
Dendraster
excentricus
Diadema
setosum
Echinarachnius
parma
Echinocyamus

7
A

30,774,438

258.8

0.6

1.3

27.7

12.6

19,975,621

30,444

647

A

44,005,972

264.0

1.2

0.08

13.9

2.1

37,187,175

26,493

695

-

18,165,055

199.4

2.6

1.6

10.2

7.7

14,992,321

21,524

467

-

23,380,500

164.2

4.3

0.1

17.1

0.7

19,367,504

32,768

748

-

34,293,765

169.9

0.2

0.00

12.6

3.8

29,951,034

18,662
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crispus
Echinometra
mathaei
Eucidaris
tribuloides
Evechinus
chloroticus
Heliocidaris
erythrogramma
Holothuria

2
-

80,911,707

170.7

0.04

2.9

16.2

0.5

70,490,724

35,688

660

A

36,578,442

315.3

2.9

0.03

20.3

0.7

28,436,006

23,949

632

-

30,644,263

274.8

0.4

0

15.6

0.8

26,812,944

34,772

822

A

34,088,387

265.7

22.6

0.1

23.9

17.5

15,785,900

30,085

686

forskali
Lissodiadema
lorioli
Lytechinus
variegatus
Mellita tenuis
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Meoma

B

46,897,779

184.0

0.1

0.03

13.7

0.6

42,125,813

29,761

891

-

28,823,832

256.6

1.1

0

8.2

0.7

26,207,098

42,007

901

-

20,175,205

193.7

0.2

0.00

13.0

1.3

18,059,227

41,696

768

ventricosa
Mesocentrotus
nudus
Paracentrotus
lividus
Pilematechinus

8
A

34,233,585

275.9

2.8

0.09

24.1

2.2

25,134,883

25,442

550

A

38,619,001

269.9

0.4

0.1

13.2

3.5

32,839,869

27,647

616

-

41,722,413

181.9

0.1

0.00

21.1

0.5

35,404,566

52,806

862

25.5

5.5

24,486,356

28,587

821

sp.
Prionocidaris
baculosa
Sphaerechinus
granularis
Stomopneustes

4
A

34,056,015

257.1

0.4

0.5

variolaris
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CHAPTER 2 – Death is on our side: Paleontological data drastically
modify phylogenetic hypotheses

2.1 ABSTRACT
Fossils are the only remaining evidence of the majority of species that have ever existed,
providing a direct window into events in evolutionary history that shaped the diversification of
life on Earth. Phylogenies underpin our ability to make sense of evolution but are routinely
inferred only from data available from living organisms. Although extinct taxa have been shown
to add crucial information for inferring macroevolutionary patterns and processes including
ancestral states, paleobiogeography and diversification dynamics, the role that fossils play in
inferring the tree of life itself is controversial. Since the early years of phylogenetic systematics
different studies have dismissed the impact of fossils due to their incompleteness, championed
their ability to overturn phylogenetic hypotheses or concluded that their behavior is
indistinguishable from that of extant taxa. Here we show paleontological data has a remarkable
effect in phylogenetic inference. Fossils often have higher levels of topological influence than
extant taxa, while inducing unique topological rearrangements. Previous studies have proposed a
suite of explanations for the topological behavior of fossils, such as their retention of unique
morphologies or their ability to break long branches. We develop predictive models that
demonstrate that the possession of distinctive character state combinations is the primary
predictor of the degree of induced topological change, and that the relative impact of taxa (fossil
and extant) can be predicted to some extent before any analysis. Our results bolster the consensus
of recent empirical studies by showing the unique role of paleontological data in phylogenetic
inference, and provide the first quantitative assessment of its determinants, with broad
consequences for the design of total-evidence analyses.
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2.2 INTRODUCTION
The overwhelming majority of species produced through the diversification of life on
Earth are now extinct (Simpson 1952; Raup 1992). Even though much of this diversity is lost, a
significant proportion has been preserved in the fossil record, which often provides the most
direct evidence of evolution in deep-time. Although evolutionary inferences are routinely
performed using data from extant taxa alone, this can often provide only a partial, or even
misleading, view of evolutionary processes and patterns. Consequently, paleontological data can
not only expand the range of evolutionary questions accessible to inquiry, but also drastically
improve estimates of evolutionary phenomena. Both simulations and empirical case studies attest
to the positive effect that incorporating extinct diversity can have on the reconstruction of
ancestral states (Finarelli and Flynn 2006; Finarelli and Goswami 2013; Puttick 2016), rates and
modes of macroevolution (Slater et al. 2012; Bokma et al. 2015; Mitchell 2015; Schnitzler et al.
2017), diversification dynamics (Liow et al. 2010; Quental and Marshall 2010; Rabosky 2010;
Mitchell et al. 2018) and historical biogeography (Wood et al. 2012; Field and Hsiang 2018).
Fossils also provide the most direct and widely employed evidence used to time-calibrate
phylogenies (Laurin 2012; Dos Reis et al. 2016), a key first step in most of modern comparative
biology.
Despite the key role of the fossil record in understanding evolutionary history, the degree
to which extinct taxa contribute to the inference of phylogenetic relationships has been much
more controversial. Although this is often discussed in the context of the merits (and caveats) of
reconstructing phylogeny using morphology (e.g., Scotland et al. 2003; Jenner 2004), the debate
has a longer history. Hennig (1966) first suggested that the higher proportion of missing data in
fossils should compromise their usefulness for elucidating phylogenetic relationships, a view
shared by other early systematists (Løvtrup 1977; Ax 1987). From this perspective, fossils hold a
subsidiary role, and their significance should only be discussed in light of phylogenies built from
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extant taxa (Patterson 1977; Nelson 1978). This assumes, either implicitly or explicitly, that
fossils do not modify tree topology (Hennig 1981; Patterson 1981; Goodman 1989), and can be
grafted onto phylogenies inferred using data from living species.
However, extinct organisms have several characteristics that should make them
especially important for inferring accurate trees from morphological data. Fossils allow taxon
sampling to be extended beyond the reach of molecular data, and preserve character state
combinations not present among living clades, potentially modifying homology statements,
character polarity and tree rooting (Doyle and Donoghue 1987; Marshall and Schultze 1992;
Novacek 1992a; Wilson 1992; Smith 1994, 1998; Forey and Fortey 2001; Edgecombe 2010).
Fossil terminals can also occupy unique phylogenetic positions, lying close to divergence events,
in the midst of ancient and rapid radiations, or subdividing the long branches that often separate
morphologically distant extant lineages (Doyle and Donoghue 1987; Gauthier et al. 1988;
Donoghue et al. 1989; Huelsenbeck 1991; Sumrall 1997; Smith 1998; Wills and Fortey 2000;
Smith and Turner 2005; Mayr 2006). Their morphology should often resemble that of the
common ancestors from which extant clades originated, being less modified by subsequent
evolutionary history (Beck and Baillie 2018; Asher et al. 2019). Furthermore, the proportion of
missing data does not necessarily compromise the phylogenetic placement of terminals, nor the
overall resolution of phylogenetic analyses (Kearney and Clark 2003; Wiens 2003a, b; Prevosti
and Chemisquy 2010; Pattinson et al. 2014), and incomplete terminals can in fact increase
topological accuracy (Huelsenbeck 1991; Wiens 2005). Fossils are therefore expected to have a
strong topological impact, and early claims for their dismissal were rapidly falsified by several
case studies (Gauthier et al. 1988; Donoghue et al. 1989; Doyle and Donoghue 1992; Novacek
1992b; Wilson 1992; Cloutier and Ahlberg 1995; Smith 1998).
Nevertheless, it is difficult to draw general conclusions regarding the impact of
paleontological data from individual studies, and it further remains unclear whether fossil
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terminals modify phylogenetic trees above a baseline of expected change given increased taxon
sampling. The only empirical study addressing these issues analyzed 45 empirical morphological
matrices and concluded that there was no significant difference in the degree of induced
topological change between fossil and extant terminals (Cobbett et al. 2007). This conclusion was
supported by first-order taxon jackknifing experiments (i.e., comparison of topologies obtained
with and without a focal taxon). Although the authors interpreted this result as strongly
supporting the inclusion of fossils in phylogenetic analyses, this was mostly justified in the lack
of a distinctive behavior by paleontological data. This conclusion not only conflicts with the
literature cited above, much of which considers paleontological data to be unique (in either a
negative or positive way), but also with a number of more recent studies where prominent and
long-standing cases of conflict between morphological and molecular trees have been claimed to
be resolved through the addition of key fossils (Legg et al. 2013; Parry et al. 2016; Coiro et al.
2018; Simões et al. 2018; Miyashita et al. 2019). However, two points should be noted regarding
this discrepancy: 1) Given their experimental design, Cobbett et al. (2007) never tested the degree
to which fossils overturn relationships inferred exclusively from living taxa, and 2) recent case
studies do not necessarily claim that fossils have a strong topological effect, rather that the type of
change induced is not generated by increasing sampling among extant taxa. These two aspects of
the interaction between paleontological and neontological data in phylogenetic studies have never
been systematically explored.
Given that relationships among living clades are now routinely inferred from molecular
data, this discussion has been deemed obsolete (Scotland et al. 2003). However, even in the
genomic era, morphology will remain the only means to resolve the relationships among extinct
species, as well as their position relative to extant clades (Giribet 2015; Lee and Palci 2015).
Incorporating the information preserved in the fossil record into phylogenetic frameworks not
only greatly improves the behavior of phylogenetic comparative methods (Slater and Harmon
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2013; Goswami et al. 2016; see above), but also allows the use of tip-dating approaches to
divergence time estimation, which require fewer assumptions and make better use of stratigraphic
data than more traditional node-dating methods (Ronquist et al. 2012a; Heath et al. 2014; Lee and
Palci 2015; Zhang et al. 2016). Furthermore, it has been shown that morphological data has the
power to modify tree topology in total-evidence analyses, even when constituting a minimal
fraction of the data (Wiens et al. 2010; Bapst et al. 2018; Cascini et al. 2019). Moreover,
phylogenies inferred from molecular data are far from stable for all nodes in the tree of life, with
several recent examples of phylogenomic data generating conflicting topologies that have sparked
controversy (e.g., Ballesteros and Sharma 2019; Philippe et al. 2019). Therefore, morphological
data remains an important source of independent data, and understanding the effect of fossil taxa
in phylogenetic analyses remains paramount to obtaining a complete and accurate picture of
evolutionary history.
Here we employ multiple empirical large-scale morphological matrices to explore the
degree and type of topological change exerted by fossils on trees of extant lineages. As
probabilistic approaches to morphological inference have become increasingly common, we
extend previous efforts by analyzing results obtained under both maximum parsimony (MP) and
Bayesian inference (BI). Finally, we evaluate for the first time several potential determinants of
the topological impact of taxa, allowing us to build a framework that can predict whether a
terminal will have a strong effect on tree topology.

2.3 METHODS
2.3.1 Dataset selection and subsampling procedure
Datasets were selected for their size, large number of fossil and extant taxa, and relatively
small amounts of missing data. We focused on large-scale empirical morphological matrices (also
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known as ‘phenomic’ matrices (O’Leary and Kaufman 2011; O’Leary et al. 2013)), as these are
expected to generate better constrained distributions of optimal topologies. Datasets were also
required to contain reasonably large numbers of both fossils and extant taxa, therefore allowing
for the comparison of their topological effects. Given that some of our analyses explored the
topological changes induced on trees built only from extant terminals, high numbers of these were
especially important. Finally, fossil taxa had to be coded for a significant fraction of the total
number of characters. We translated these requirements into a set of rules, employing matrices
that had: 1) a number of characters larger than the number of taxa; 2) at least 40 extant terminals;
3) at least 20 fossil terminals; 4) a fraction of missing data among fossils less than 80%. Six
datasets (shown in Table 1) satisfied these criteria, and were thus used for all analyses.
Preliminary analyses with a larger number of datasets revealed that either the subsampling
procedure or the subsequent statistical analyses (see below) could not be performed if these
requirements were not enforced. In each case, a single outgroup was included to root all trees.
Characters considered ordered by the authors were analyzed as such. If datasets were modified in
any other way, details can be found in the Supplementary Information.
Datasets were imported into the R statistical environment (R Core Team 2019) using
function ReadMorphNexus from package Claddis v. 0.3 (Lloyd 2016). For each dataset, 25 initial
pseudoreplicated matrices composed of n randomly selected extant taxa were generated (Fig. 1,
step 1), and phylogenetic inference was performed before and after the incorporation of further
terminals. Unlike previous efforts that measured the topological impact of adding individual
terminals (Cobbett et al. 2007), we explored the topological effects induced by the simultaneous
addition of groups of terminals (of size m) to these initial replicates (Fig. 1, step 2). We believe
this approach to more accurately reflect the way in which morphological datasets grow with time,
as well as providing greater subsampling flexibility and increased statistical power. The values of
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n and m were determined for each matrix following the approach described in the Supplementary
Information.
The groups of added terminals were of one of three different types: fossil, extant and
pseudoextinct, with the last two providing different bases with which to compare the effects
induced by fossils. The first two of these groups were generated by selecting at random among
the fossil or extant taxa left unsampled. However, the direct comparison of the topological effect
of fossil and extant terminals might be confounded by the systematic difference in the amount of
data coded between them (see Table 1). Therefore, a third group of terminals (pseudoextinct,
following the nomenclature of Springer et al. 2007) was generated by selecting at random 𝑚 of
the unsampled extant taxa and pairing each with a randomly selected fossil. Characters missing in
the fossil were then deleted from the extant terminal with which it was paired (see Pattinson et al.
2014 for an equivalent approach). This procedure preserves the pattern of missing data found in
fossils, and is expected to generate better fossil analogs compared to the deletion of random
characters given how morphological structures differ in both their preservation potential and
phylogenetic signal (Sansom and Wills 2013; Mounce et al. 2016; Sansom and Wills 2017;
Sansom et al. 2017). Note however that the total amount of data in pseudoextinct taxa is expected
to be slightly lower than that of fossils, as extant taxa already have missing data that might be
coded in some fossils. Comparison of the amounts of missing data between these three groups of
terminals can be found in Figure S1. While fossils have on average 10.5%-30.9% more missing
data than extant taxa (depending on the dataset), pseudoextinct taxa have on average 4.6%-8.5%
more missing data than fossils. This represents a 2.3-4.6 times reduction in the discrepancy of
missing data between compared groups. Given how missing data is known to affect the
topological impact of terminals (Huelsenbeck 1991; Wiens 2003b, 2005), pseudoextinct terminals
likely provide a better baseline for the topological effect that can be expected from fossils.
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For each of the 25 initial replicates per dataset, terminals of the different types were
added in a stepwise manner in groups of size m until unsampled terminals were exhausted.
Furthermore, three iterations of this procedure were performed in order to estimate the average
effect of taxon addition to a given taxonomic composition. This entire subsampling procedure
generated between 2,275 and 3,625 morphological matrices per dataset.

2.3.2 Phylogenetic inference
Phylogenetic inference on these matrices was performed under both MP and BI (Fig. 1,
step 3). Although MP was historically favored as a method of inference from morphological data,
several studies have argued probabilistic approaches of inference, and more specifically BI under
variants of the Mk model (Lewis 2001), might outperform parsimony-based methods (Wright and
Hillis 2014; O’Reilly et al. 2016; Puttick et al. 2017). These results have received different
criticisms (Goloboff et al. 2018, 2019; Smith 2019), but ultimately rely on analyses performed on
simulated data, under conditions where the accuracy of the inference can be evaluated. It still
remains unclear whether these results can be extrapolated to the analysis of empirical matrices
(Sansom et al. 2018; Schrago et al. 2018; Goloboff et al. 2019), but it can be argued that they
have established BI under the Mk model as a valid alternative to MP. Furthermore, given the
flexibility of Bayesian methods to combine different data sources and calibrate divergence times,
BI of morphological datasets is likely to become common in the future. We here treat these as
valid methods of inference from morphological data and explore whether any of our results varies
depending on method choice, extending previous attempts which had relied exclusively on MP
(Cobbett et al. 2007).
Inference under MP was performed using TNT 1.5 (Goloboff and Catalano 2016) under
equal weights, using driven tree searches with five initial replicates that were subject to new
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technology search heuristics (Goloboff 1999; Nixon 1999). Search was continued until minimum
length was found twenty times. TBR branch swapping was then performed on the topologies in
memory, retaining a maximum of 10,000 maximum parsimony trees. Bayesian analyses were
performed in MrBayes 3.2.6 (Ronquist et al. 2012b) under the Mk+Γ model with a correction for
coding only parsimony-informative characters (MKparsinf). Two runs of four Metropolis-coupled
MCMC chains were continued for either one million generations or until a standard deviation of
split frequencies < 0.01 was attained. We considered this condition to represent an accurate
sampling of the posterior distribution of topologies (as have other authors; e.g., Puttick et al.
2019). Trees were sampled every 100 generations and the initial 50% was discarded as burn-in,
therefore retaining a maximum of 10,000 posterior topologies.

2.3.3 Estimating and analyzing topological impact
Optimal topologies from MP and BI runs were imported into R using functions from
packages ape (Paradis and Schliep 2018) and TNTR (Matzke 2015), and a random sample of up
to 100 topologies was drawn from each analysis. Topologies before and after the addition of
groups of taxa were compared directly by calculating their normalized Robinson-Foulds (RF)
distance (Robinson and Foulds 1981) after pruning to the same taxonomic composition (Fig. 1,
step 4 and 5). All trees analyzed were thus fully bifurcating, avoiding the issue of computing
similarity when topologies differ in their level of resolution (Smith 2019). For pairs of unrooted
bifurcating trees the RF distance is equivalent to the number of bipartitions not shared (Penny and
Hendy 1985), and was normalized to the total number of bipartitions in both. RF distances were
computed using package phangorn v. 2.5.5 (Schliep 2011). In order to derive a single metric that
reflects the distance between sets of trees, we measured both the mean and minimum RF distance
of a given tree to all trees in the other set, and took the average of the resulting values. Given the
strong linear correlation between these two estimates (Fig. S2; all Pearson’s r > 0.89, P < 10-259),
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analyses employed the average of distances to the nearest neighbor. This metric was favored as it
attains a value of 0 if the sets being compared are identical (Cobbett et al. 2007), and allows for a
more straightforward comparison of sets of trees derived from MP and BI, which are expected to
systematically differ in their within-set distances (O’Reilly et al. 2016; Schrago et al. 2018).
We explored the degree of topological change generated by taxon addition by
summarizing RF distances across iterations and analyzing them with generalized linear models.
The effect produced by the incorporation of fossils to topologies of extant taxa was compared in
multiple ways with that introduced by further increasing sampling of extant taxa. First, we used
the number (log-transformed) and type (fossil/extant/pseudoextinct) of added terminals as
predictors of topological change. Extant and pseudoextinct terminals provided two alternative
baselines of topological change introduced by increasing taxon sampling, and so the relative
effect of these was compared to that of fossils by fitting separate linear models. However, as
already explained, this approach can be problematic as the proportion of missing data differs
between these types of terminals (Fig. S1). To more directly account for this, a second analysis
was performed using the amount of added information (i.e., the sum of the number of coded
characters across added terminals, also log-transformed) as the continuous predictor in the linear
model. Given that this approach fully accounts for differences in the amount of coded characters,
only data for fossil and extant terminals was analyzed in such a way.
In each case, models with and without an interaction term were further compared using
likelihood ratio tests (LRTs) with a significance level (α) of 0.1. In case of a significant
interaction term, regions of significance were estimated using the Johnson-Neyman approach
with package jnt (Middleton 2016); otherwise results presented are those of ANCOVAs. The
Johnson-Neyman procedure finds the values of the continuous predictor for which there is a
transition from significant to non-significant differences among the groups of the categorical
predictor. In cases of non-significant differences between the different types of added terminals, a
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power analysis using the method of Borm et al. (2007) was performed (with a standard power
level of 0.8).
Finally, we also relied on the construction of treespace (Hillis et al. 2005) to explore the
type of topological change exerted by the addition of extant and fossil taxa. This approach is
based on estimating all pairwise RF distances and decomposing them into a two-dimensional
space using principal coordinate analysis (PCoA) (Jombart et al. 2017), providing a summary of
the diversity of optimal topologies that are obtained as different types of terminals are
incorporated into the inference procedure. Given the combinatorial nature of this method, we
further subsampled at most 20 trees per analysis, and did not include topologies obtained after the
addition of pseudoextinct terminals. Different treespaces were built for each combination of
dataset, inference method and initial replicate. After obtaining the location of each tree in the first
two PCoA axes, sets of trees from different phylogenetic analyses were collapsed to their
centroid, and the relative position of centroids generated by the addition of fossil and extant
terminals were compared using convex hulls and permutational (non-parametric) MANOVAs.
Convex hulls provide a straightforward way in which to estimate the degree to which fossil and
extant taxon addition results in the exploration of similar regions of treespace. Topological
similarity was expressed as the area of overlap between the two convex hulls divided by the sum
of the total area covered by the two, calculated using package geometry (Habel et al. 2019).
Permutational MANOVA (Anderson 2001) is an analysis of variance using distance matrices, and
employs a permutational test to evaluate significant sources of variation. The test was run for
each treespace individually with package vegan (Oksanen et al. 2019), using Euclidean distances
and evaluating significance with 10,000 replicates.
Given that the 25 initial replicates of each dataset do not share the same taxonomic
composition, and therefore cannot be placed in a common treespace, a visual summary per dataset
was obtained by using Procrustes superimposition. The different treespaces of each dataset were
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rotated so as to minimize the sum of squared distances between centroids obtained after adding
the same number and type of terminals across replicates. In order to further facilitate
interpretation of the plots, the different treespaces were then translated so that the average
position of trees produced before taxon addition was at the origin.

2.3.4 Estimating and analyzing taxon influence
We also analyzed the topological effect induced by individual taxa using first-order taxon
jackknifing. Unlike previous efforts however (Cobbett et al. 2007; Mariadassou et al. 2012;
Denton and Goolsby 2018), we first standardized the size of the matrices from which taxa were
jackknifed. We consider this approach to be superior for multiple reasons. First of all, it is evident
from our results (as well as from previous analyses; e.g., Huelsenbeck 1991; Wiens 2003b, 2005;
Prevosti and Chemisquy 2010) that the topological impact of a taxon will strongly depend on the
size of the dataset to which it is added (see Results). If differences in size across datasets are not
accounted for, these are bound to distort the impact of taxa when combining results from different
datasets. Furthermore, standardizing matrix size has the added benefit that the impact of taxa can
be measured against different taxonomic backgrounds. The resulting average impact is likely to
be a better predictor of the effect a taxon will exert if incorporated into a new morphological
matrix. Finally, it also allows for more intense replication and increased statistical power, while
avoiding prohibitive computational times.
For each taxon, 30 matrices composed of the outgroup and 38 other randomly selected
ingroup taxa were built. Unlike the approach described above, this subsampling scheme produces
matrices composed of a mix of extinct and extant terminals. Phylogenetic inference was
performed before and after the addition of the focal taxon to each of these matrices. A total of
27,930 MP and BI analyses were performed. Both phylogenetic inference and estimation of
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topological impact were performed as explained above. The impact of taxa under BI and MP was
significantly correlated (Pearson’s r = 0.40, p < 10-16, Fig. S3). Topological impact was then
averaged across replicates to obtain a single measure per taxon. Given that we found a very
strong structuring of topological impact by dataset (Figs. S4 and S5), we subtracted from the
estimated impact of each taxon the average impact for its dataset of provenance. This rescaling
produces a metric that expresses deviations from an average impact and accounts for the
difference in stability across datasets.
Generalized linear models were again employed to survey potential determinants of
topological impact. We attempted to quantify all possible determinants previously hypothesized
in the literature to affect a taxon’s topological impact. Some of these properties were estimated
directly from the morphological matrices, while others were measured on BI posterior topologies
(as they required branch lengths). From the matrices, we measured the proportion of
missing/inapplicable data and two measures of morphological distance, which we refer to as
‘distinctiveness’ and ‘uniqueness’. These correspond to the minimum and average morphological
distance to all other taxa, respectively, and were estimated using the maximum observable
rescaled distance (Lloyd 2016). Among the tree-based metrics we quantified—for each focal
taxa—the patristic distance to the root of the tree (‘primitiveness’), the length of its terminal
branch (‘autapomorphies’), as well as three measures designed to capture different conditions that
might lead to long-branch attraction scenarios. These included the change induced by the focal
taxon on the mean and variance of branch lengths, as well as the variance of root-to-tip distances
(‘clock-likeness’). Models also included the taxon type (fossil/extant) as an additional predictor.
Further details on how these measures were quantified can be found in the Supplementary
Information. In order to explore the relevance of these predictors, stepwise variable selection in
both directions was performed, once again comparing models using LRTs with α = 0.1.
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Finally, we also explored the determinants of topological impact using random forest
models. Random forests were chosen given their robustness to multicollinearity and deviations
from normality, as well as their ability to accommodate non-linear and local relationships. Both
the entire set of independent variables and the subset that can be estimated without running a
phylogenetic analysis (i.e., all three matrix-based variables and the taxon’s type) were employed.
These were used as predictors of both the topological impact score (regression forest), as well as
a recoded binary variable grouping taxa into those with above and below average impact
(classification forest). Models were fit using package randomForest (Liaw and Wiener 2002),
growing 5,000 trees and estimating accuracy of prediction using out-of-bag errors. The number of
predictors tried at each step was automatically determined by the algorithm.

2.5 RESULTS
Our results show that the average degree of induced topological change strongly depends
on the logarithm of the amount of information added to the analysis, measured as either the
number of taxa or the number of coded cells incorporated to the matrix (Figs. 2, 3 and S6; linear
regressions, all R2 > 0.86, P < 8e-5). As the taxonomic sampling of phylogenetic analyses
increases, it becomes progressively less likely that new data will further modify tree topology.
The relative effect of adding new extant or fossil terminals proved highly dependent on the
dataset, method of inference and number of added taxa (Fig. 2), although there was an overall
stronger evidence for the addition of extant taxa generating higher topological impacts. Six of
twelve analyses performed (i.e., combinations of datasets and inference procedures) showed a
significantly higher impact of extant taxa across most/all of the range analyzed, while the
opposite was only true for one analysis (echinoid dataset under BI; see also Fig. S6). In strike
contrast, fossil terminals had a significantly higher topological effect than pseudoextinct
terminals, across all matrices and methods of inference (Fig. 3). This discordance reveals the
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strong relationship between topological impact and levels of missing data, and questions whether
fossil and extant terminals can be directly compared to each other.
For this comparison to be meaningful, statistical models need to account for the fact that
fossil and extant terminals do not contain equivalent amounts of information (see Table 1 and Fig.
S1). One possible way of achieving this is to compare the topological effect induced by the
addition of paleontological and neontological data (rather than the number of terminals) to the
inference procedure. We defined this variable as the sum of the number of characters that were
neither missing nor inapplicable across the added terminals. From this perspective, differences in
the behavior of these types of data are evident, with four matrices showing a stronger topological
impact of paleontological data and two (Coccomorpha and Panarthropoda) a stronger effect of
neontological data (Fig. 4). No systematic difference was found between the results obtained for
MP and BI, which were very similar across datasets. The sole difference found was the behavior
of the different types of data for the lemuriform dataset, which proved significant under BI but
not under MP. This likely stems from a lack of statistical power, as this is the dataset with the
smallest number of taxa, and therefore the fewest datapoints. In fact, a power analysis revealed
significance should be attained with an increase of 16% in sample size. The lack of significance is
therefore not given much weight, especially as the relative effects of paleontological and
neontological data are the same for both inference procedures.
We further compared the generated topologies through the use of treespaces, allowing us
to explore the type of topological change induced by fossils and test if it systematically differed
from that generated through the addition of further extant terminals (Fig. 5). As the trees obtained
from the multiple replicates performed on each dataset do not share the same terminals (see Fig. 1
and Materials and Methods) and therefore cannot be represented in a common treespace, each
panel of Figure 5 consists of the optimal juxtaposition of multiple distinct treespaces. The almost
complete lack of overlap between the clouds of dots seen in Figure 5 is therefore even more
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pronounced if individual treespaces are scrutinized individually. Among these, convex hulls for
topologies obtained after extant and fossil addition were completely disjunct 19.3% of the time,
and otherwise showed an average overlap of only 9.8% of the total area covered. In fact, the
relative positions occupied by these topologies were significantly different in 95% of the cases
(permutational MANOVA, p < 0.05), with 13 of the 15 non-significant differences restricted to
the MP analysis of the panarthropod dataset.
It is evident from this suit of analyses that fossil taxa have a unique behavior in
phylogenetic inference (Figs. 2-5). However, this result raises the question of what determines the
topological impact of a taxon. To address this question, we resorted to first-order taxon
jackknifing experiments, extending previous efforts by assessing the topological effect of each
terminal on multiple smaller matrices of the same size and composed of randomly sampled extant
and fossil taxa (see Materials and Methods). In complete agreement with previous results
(Cobbett et al. 2007), we found very small differences between fossil and extant terminals in their
relative effects on topology. The type of terminal (fossil/extant) was not a significant predictor of
topological impact for BI (t-test, p = 0.91), while fossils had a slightly smaller than expected
impact under MP (p = 0.04). This result was mostly driven by the mammal dataset, the only
individual matrix for which differences were significant (p = 0.001). However, this approach
once again relies on comparing groups of terminals that systematically differ in their proportion
of missing data (Table 1, Fig. S1). After accounting for this difference, fossils were shown to
impact topology significantly more than extant terminals above a threshold of 43-45% missing
data (depending on the method of inference, Figs. 6a and S7), a condition satisfied by over 78%
of fossils in our dataset. Extant taxa are expected to have a significantly higher impact than fossils
only in the very narrow condition of no missing data (although this requires extrapolation, and
holds true only for MP, see Fig. S7).
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We quantified several other matrix and tree-based properties of terminals and explored
their usefulness as predictors of topological impact using generalized linear models. The obtained
best-fit models under BI and MP were extremely similar, yet explained widely different
proportions of total variance (adjusted R2 of 0.06 and 0.31, respectively). For this reason, we
focus here only on the results for MP. Results obtained under BI are placed in the supplementary
figures, and a discussion of the differences between methods can be found in the Supplementary
Information.
Our analysis revealed the presence of atypical morphologies to be a major driver in a
taxon’s topological impact (Figs. 6b and S8). Organisms displaying character state combinations
distinct from those of all other taxa strongly modified topology, while completely unique
morphologies had a significantly lower impact. The amount of missing data and the degree of
evolutionary change also had negative effects, with taxa displaying ‘primitive’ morphologies (i.e.,
those inferred to have undergone the least amount of change since the last common ancestor of
the ingroup) and possessing fewer autapomorphies having stronger effects on topology.
Furthermore, terminals that increased the average branch length of trees and decreased the clocklikeness of morphological evolution also showed a higher impact. It is possible that these taxa are
generating conditions conducive to long-branch attractions. Finally, even after accounting for the
aforementioned variables, fossils still induced stronger topological changes than extant taxa,
suggesting that the peculiarities of paleontological data are still not completely captured by our
model.
The topological impact of terminals has been claimed to be unpredictable (Cobbett et al.
2007), yet to our knowledge no attempt at directly predicting it has been performed. Given how
random forest models using the same set of predictors were able to explain an even higher
proportion of variance than linear models (44% in the case of MP, see Table S1), we tested the
accuracy of random forests to predict whether a taxon had a higher or lower-than-average
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topological impact. Prediction was carried out using only the set of four variables that are treeindependent and can therefore be estimated before running a phylogenetic analysis
(distinctiveness, uniqueness, proportion of missing data and type of taxon). Even using this
reduced set of variables, the model attained a classification accuracy of 72% (Table S2),
indicating that the topological impact of taxa in morphological phylogenetic analysis has a
strongly predictable component.

2.6 DISCUSSION
For decades, systematists have disagreed on the relevance that the fossil record has for
inferring phylogenetic relationships. By focusing on just a few of the many ways in which
paleontological and neontological data differ, fossils were portrayed to be either vital or irrelevant
for phylogenetic inference, as well as everything in between. However, much of this discussion
was based on either first principles or individual case studies. The only attempt to systematically
assess the relevance of fossils suggested that differences in the behavior of extant and extinct taxa
might have been exaggerated, and that fossils do not differ systematically from extant terminals,
at least not in terms of their average topological effect.
Our results are able to reconcile these seemingly incompatible claims about the nature of
the fossil record and its relevance for systematics. All of our analyses reinforce the idea that the
information preserved in the morphology of extinct organisms is unlike data that can be obtained
from the study of living species, and that its inclusion in phylogenetic inference has strong
consequences. However, this is evident only after the fragmentary nature of fossils is accounted
for. Missing data does in fact affect topological impact (Fig. 6a), something that had already been
demonstrated through simulations (Huelsenbeck 1991; Wiens 2003b, 2005), although not always
confirmed using empirical datasets (Denton and Goolsby 2018). While previous studies had
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directly compared fossil and extant taxa, a better understanding of their behavior required
accounting for the different amount of information they contain. When this is done,
paleontological data tends to have stronger topological effects than neontological data (Figs. 2-4,
6, S6-S8). Furthermore, adding fossils induces topological changes that are never obtained
through better taxonomic sampling of extant taxa (Fig. 5), a phenomenon that likely underlies
their ability to resolve conflicts between morphological and molecular phylogenies (Legg et al.
2013; Beck and Baillie 2018; Simões et al. 2018; Asher et al. 2019).
Why do fossils show such a remarkable effect on phylogenetic analysis? Our results
show morphological distinctiveness to be the main predictor of topological impact (Figure 6b).
The fossil record contains a wealth of examples of extinct organisms with morphologies wholly
unlike those we see in the modern biosphere, and whose appearance we would not be able to
predict even with the closest scrutiny of the morphology of extant taxa. Examples of such
organisms are found throughout geological time, from the ‘weird wonders’ of the Cambrian to the
diversity of extinct archosaurs that populate the stem lineage of birds. The unique combination of
characters in such organisms has long been recognized to modify character polarity, reveal hidden
homoplasies (or cryptic homologies) and break long branches by revealing the sequence of
character acquisition (Gauthier et al. 1988; Donoghue et al. 1989; Smith 1998; Edgecombe 2010).
However, taxa with completely unique morphologies exhibit decreased topological impact, likely
attaching to a topology without modifying character optimization. In such cases of extreme
morphological modifications, such as those separating hexapods and crustaceans (Legg et al.
2013), or cetaceans from their ungulate relatives (Spaulding et al. 2009), fossil stem groups with
intermediate morphologies are required to correctly articulate these clades. Finally, the fossil
record provides our only access to morphologies that lie close to the origin of ancient lineages
and are less burdened by character state changes imposed by subsequent evolutionary history,
properties that further increase the topological impact of individual taxa.
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Fossils not only play a critical role when inferring evolutionary processes from
phylogenetic trees (Slater et al. 2012; Goswami et al. 2016), but are clearly also influential in the
construction of the trees themselves. Beyond recognizing the unique role of paleontological data
in phylogenetic inference, our analyses prove that topological impact has strong determinants.
Consideration of these properties can provide new ways for optimizing the phylogenetic design of
total-evidence analyses, aiding in the generation of phylogenies that better incorporate the vast
records of evolutionary history preserved in the morphology of extant and extinct lineages. Given
that genomic data is yet to resolve a stable phylogeny for all branches in the tree of life,
phylogenetic analyses of morphology incorporating fossil taxa remain an important and
independent framework for unraveling evolutionary history.
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2.8 FIGURES AND TABLES

Figure 1: Protocol for the assessment of topological impact. 1. Matrices were subsampled to a
fixed number (n) of extant taxa plus one outgroup (OG). 25 such initial replicates were built from
each dataset. 2. A given number (m) of terminals were added to these initial replicates. These
were composed entirely of extant (top, blue), fossil (bottom, orange), or pseudoextinct taxa (not
shown). Three iterations of taxon addition were performed. 3. Matrices were subject to
phylogenetic analysis under maximum parsimony (MP) and Bayesian inference (BI), resulting in
a set of optimal topologies from which at most 100 were sampled at random (represented here by
a single tree). 4. Topologies obtained after taxon addition were pruned to match the taxon
sampling of the initial replicate. 5. Topologies were compared using Robinson-Foulds (RF)
distances. Further rounds of addition of m terminals were performed on the matrices resulting
from step 2, followed by the same subsequent steps. The values of n and m were determined for
each dataset as explained in the Supplementary Information. The same color scheme is used
throughout.
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Figure 2: Comparison of the topological impact of fossil (orange) and extant (blue) terminals.
Each dot is the topological distance (average RF distance to nearest neighbor) between trees
before and after the addition of groups of either extant or fossil terminals, averaged across
iterations. Regression lines are shown for the best-fit linear model. When the lines are parallel,
the interaction term was not significant. Regions of significance are shown above each plot (the
entire range is marked in the absence of a significant interaction). Silhouettes were taken from
PhyloPic (http://phylopic.org/), and will be used throughout.

136

Figure 3: Comparison of the topological impact of fossil (orange) and pseudoextinct (green)
terminals. Analysis of the data is performed as in Figure 2.
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Figure 4: Comparison of the topological impact of paleontological (orange) and neontological
(blue) data. Analysis of the data is performed as in Figure 2, although the continuous predictor
employed is the logarithm of the amount of information added to the inference procedure
(averaged across iterations).
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Figure 5: Topological changes induced by the addition of paleontological and neontological data
to trees of extant terminals. A single treespace per replicate was generated, summarizing the
position of trees obtained after incorporating increasing numbers of extant (blue) and fossil
(orange) terminals. Treespaces for each dataset were then rotated to maximize superimposition,
and translated so that the topologies product of the initial replicate (that obtained before any
terminal is added, see Fig. 1, step 2) is at the origin. Dot size scales with the number of added
terminals.
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Figure 6: Exploring the determinants of topological impact under MP. a. Both missing data, type
of taxa (fossil/extant) and their interaction plays a role in determining the topological effect of
individual terminals. Across most of the region of missing data for which extant (blue) and fossil
(orange) taxa overlap, fossils have a significantly higher topological impact (see also Fig. S7). b.
Effect size of the significant determinants of topological impact. Variables are ordered (top to
bottom) according to the order in which they are incorporated into the stepwise linear model.
Variables with an asterisk were also found to be significant determinants under BI (Fig. S8).
Effect sizes are standardized to reflect expected changes generated by a difference of one
standard deviation.
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Table 1. Morphological matrices employed differ in taxonomic scope, character coding strategies
and size.
Dataset

Coccomorpha (Vea and

Number of

Percentage

Number of

Percentage of multistate

Percentage of missing

ingroup taxa

of fossils

characters

– ordered characters

data (extant – fossil)

116

37.1

174

50.6 – 0.0

23.8 – 50.2

163

55.8

303

34.0 – 5.3

17.5 – 28.0

62

32.3

421

69.1 – 0.0

44.0 – 71.1

83

44.6

4541

21.2– 0.0

39.4 – 65.8

309

69.2

753

14.2 – 0.0

55.2 – 76.1

198

28.3

767

35.3 – 23.9

32.0 – 62.6

Grimaldi 2015)
Echinoidea Kroh and
Smith 2010)
Lemuriformes (Herrera
and Dávalos 2016)
Mammalia (O’Leary et
al. 2013)
Panarthropoda (Legg et
al. 2013)
Squamata (unpublished,
based on Gauthier et al.
2012, Mongiardino Koch
and Gautier 2018)
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2.9 SUPPLEMENTARY INFORMATION
2.9.1 Dataset selection and processing
Datasets were obtained from the literature, downloaded from online repositories, or
obtained directly from the authors. For some of these, taxonomic sampling was markedly uneven
across clades, and so the ingroup (IG) was redefined as the clade with the most extensive taxon
sampling. The composition of the IG follows that of the source of the dataset. In each case, a single
outgroup (OG) was included to root all trees, chosen for being either the only representative of the
sister lineage to the IG, or the OG terminal with the least amount of missing data if multiple
terminals were sampled from the IG’s sister clade. Datasets for Coccomorpha (Vea and Grimaldi
2015), Panarthropoda (Legg et al. 2013) and Squamata (built upon the datasets of Gauthier et al.
(2012) and Mongiardino Koch and Gauthier (2018), although largely unpublished) were not
modified in any other way. The remaining matrices were modified as follows:
•

Echinoidea (Kroh and Smith 2010): The version of this dataset employed is not the
original but rather that of (Hopkins and Smith 2015), which has five fewer IG taxa.
These were pruned due to their unstable phylogenetic position (as also noted by the
original authors).

•

Lemuriformes (Herrera and Dávalos 2016): This dataset had markedly uneven
sampling between strepsirhine and haplorhine primates (83% vs. 3% of recognized
extant species, as reported by the authors). We therefore redefined the IG as crowngroup strepsirhines (i.e., Lemuriformes following the nomenclature of Szalay and
Delson (2013)), pruning all haplorhines and stem primates (according to the topology
supported by this dataset, see Figure 3 of the original publication).

•

Mammalia (O’Leary et al. 2013): The dataset deposited in MorphoBank
(http://dx.doi.org/10.7934/P773) contains 12 characters with more than 10 states,
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which is the maximum number of states for morphological characters accepted by
MrBayes. Therefore, states above this limit were recoded as missing data, as was also
done by the authors (see Supplementary Materials of the original publication). For
consistency, both maximum parsimony (MP) and Bayesian inference (BI) analyses
were performed with this modified matrix rather than retaining the original scores for
parsimony analyses.

Edited datasets are available from the Github repository https://github.com/mongiardino,
and their final sizes can be found in Table 1. Ordered characters (present only in the echinoid and
squamate datasets) and polymorphisms were analyzed as such, and no distinction was made
between missing and inapplicable data.

2.9.2 Subsampling procedure
Datasets were imported into R (R Core Team 2019) using function ReadMorphNexus
from package Claddis v. 0.3 (Lloyd 2016). These were then subsampled by selecting a number
(𝑛) of extant taxa at random (see Figure 1, step 1). The value of 𝑛 was different between datasets,
and was chosen depending on the absolute number of fossil (𝑓) and extant (𝑒) terminals available.
Taking into account these numbers guaranteed that topological changes could be reliably assessed
across datasets (i.e., initial topologies had multiple internal nodes while leaving large and
comparable numbers of fossil and extant terminals unsampled). If 𝑒 > 2 ∗ 𝑓, then 𝑛 = (𝑒 + 𝑓) −
2 ∗ 𝑓 = 2 ∗ 𝑒 − (𝑒 + 𝑓). This condition leaves the same number (f) of both fossil and extant taxa
unsampled from the initial dataset. Otherwise, if 𝑒 < 2 ∗ 𝑓, then 𝑛 = 𝑒/2. Under this condition
the number of fossils exceeds that of unsampled extant taxa. To these initial replicates, different
types of terminals were added in a stepwise manner in groups of size 𝑚 until unsampled
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terminals were exhausted. Only in the case of fossil addition to the panarthropod dataset was the
procedure stopped before exhausting terminals (at a final matrix size three times that of the initial
replicate). The value of 𝑚 was chosen to guarantee at least 10 steps of taxon addition, and varied
between 2 and 5 depending on the dataset.

2.9.3 Determinants of taxon influence
The determinants of a taxon’s topological influence included some properties that were
estimated directly from the morphological matrices, as well as others that were measured on
Bayesian inference (BI) posterior topologies (as they rely on the estimation of branch lengths).
The matrix-based properties included the proportion of missing/inapplicable data and two
measures of morphological distance, which we refer to as ‘distinctiveness’ and ‘uniqueness’.
These correspond to the minimum and average morphological distance to all other taxa,
respectively, and were estimated using the maximum observable rescaled distance (MORD,
Lloyd (2016)). This distance is similar to Gower’s coefficient (Gower 1971), but is standardized
relative to the maximum realizable distance given the structure of the dataset, instead of using the
number of variables for which pairs of observations can be compared. When datasets have
ordered characters (as in some of the datasets employed) these two distances can differ. Several
benefits of using MORD over Gower’s coefficient when dealing with morphological matrices
have been described (Lloyd 2016, Lehmann et al. 2019). Furthermore, unlike Gower’s
coefficient, MORD produces values that are scaled between 0 and 1, thus allowing for more
straightforward combination of data from different datasets. Our two variables capture different
aspects of morphological variability. For example, highly distinct taxa (i.e., those having
uncommon character-state combination) are bound to be located on relatively unexplored regions
of morphospace, but they might not be highly unique if there is a second taxon with a similar
morphology (i.e., the distance to the nearest neighbor can still be relatively small). These two
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aspects of the morphological variability present in the dataset are likely to have different
consequences for a taxon’s topological impact. Distances were not used for ordination and hence
were left untransformed (Lloyd 2016).
All tree-based metrics were quantified in the set of 100 randomly subsampled trees
obtained from each BI analysis and averaged. For each focal taxon (i.e. the one being jackknifed)
we measured:
•

The patristic distance between the taxon and the root of the tree. We used this metric
as a proxy for the ‘primitiveness’ of the terminal, as it captures the amount of
expected morphological change its lineage has undergone since the last common
ancestor of the IG. Calculation relied on function distRoot from package adephylo
(Jombart and Dray 2010).

•

The length of the terminal branch leading up to the taxon. We used this as a proxy for
the number of autapomorphies the terminal has accrued since the last cladogenetic
event.

•

The change in the mean and variance of the distribution of branch lengths before and
after the addition of the focal taxon.

•

The change in the variance of root-to-tip distances generated by the addition of the
focal taxon. Root-to-tip distances are a commonly employed proxy for the degree to
which evolution has operated in a clock-like manner (e.g., Smith et al. 2018).

The first two of these metrics (‘primitiveness’ and ‘autapomorphies’) were measured
directly on the set of trees produced by inference on matrices containing the focal taxon, and were
divided by total tree length (i.e., the sum of all branches) for standardization. The remainder
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represents the difference in the parameter estimated in the sets of trees obtained before and after
taxon addition. Two of the metrics (‘primitiveness’ and ‘clock-likeness’) required rooting trees
using the OG, while all others were estimated with unrooted topologies. While the interpretation
of the two first two metrics is rather straightforward, the last three (changes in ‘clock-likeness’,
mean and variance of branch lengths) were designed to capture different conditions that might
render analyses more or less susceptible to long-branch attraction artifacts. We caution however
that some of these variables might be affected by the priors used in the Bayesian analysis, as well
as the model used to correct for ascertainment bias in the datasets, and efforts should be made to
improve upon these proxies.

2.9.4 Comparison of taxon influence between parsimony and Bayesian inference
While method choice did not impact any of the results comparing the magnitude and type
of topological change exerted by adding fossil and extant terminals to matrices composed only of
extant taxa (Figs. 2-4, S5), it did substantially affect our ability to detect determinants of taxon
influence.
Firstly, the average topological impact of taxa was much more strongly structured by
dataset for the BI analyses than it was for maximum parsimony (MP). While the dataset of
provenance (used as categorical predictor in an ANOVA) explained a large portion of variance in
topological impact under MP (R2 = 0.621, Fig. S5), it explained almost all of the variance under
BI (R2 = 0.987, Fig. S6). Datasets are in fact expected to differ in their level of stability (i.e., how
susceptible the results are to changes/increases in taxon sampling), something that might be
related to both the idiosyncrasies of the clade’s evolutionary history and different aspects of
matrix construction (e.g., coding strategies, taxon sampling, dataset size, etc.). Although too few
datasets are used here to explore these relationships, it is worth noting that the least stable dataset
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(Coccomorpha) is also the one with the smallest number of characters, while the most stable
(Mammalia) is the also the largest (see Table 1 and Fig. S6). Nevertheless, the degree to which
the dataset of provenance explains results under BI might be indicative that a large proportion of
the observed variability stems from differences in chain convergence between datasets, and is
therefore unrelated to the true taxon influence.
Despite this, results from the statistical analyses performed after this dataset effect is
subtracted from MP and BI analyses are remarkably similar. Fossils are found to impact
phylogenetic inference more than extant terminals above a very similar threshold of missing data
(43.3% for MP and 45.2% for BI, see Figs. 5a and S7). The determinants deemed to be significant
for both inference methods are very similar (Figs. 4b and S8), and they affect taxon influence in
the same way. Furthermore, topological impact estimated under BI and MP are significantly
correlated (P < 10-16, Fig. S10), even though the correlation coefficient is not particularly high
(Pearson’s r = 0.402). It should also be noted that the total amount of variance explained by these
significant regressors is dramatically different between inference methods. While 30.5% of
variance in taxon influence is explained by the best-fit linear model obtained for MP, only 5.8%
is explained by the model obtained for BI. The same is true for random forest regression models
(44.2% vs. 7.9%), although once again the ranking of determinants by relative importance were
very similar between MP and BI (see Table S1). This difference in explained variance might once
again reflect convergence issues, or might be a consequence of the broader distribution of optimal
topologies that BI outputs relative to MP (O’Reilly et al. 2016, Schrago et al. 2018, Smith 2019).
In this last scenario, subsampling of topologies according to their posterior probabilities (instead
of at random) might improve the accuracy with which taxon influence is estimated (Denton and
Goolsby 2018), facilitating the study of its determinants.
Given this difference in explained variance, a random forest classification model was fit
only to the results of topological impact under MP. This model provides an estimate of the
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accuracy with which taxa can be classified into those having either higher or lower-than-average
impact, using only predictors that can be estimated directly from the matrix (i.e., missing data,
distinctiveness, uniqueness and type). The results show a relatively high degree of classification
accuracy (71.75%), with percentage of missing data and both morphological distance variables
having similarly high levels of relative importance (Table S2). This result shows that the
topological impact of taxa in phylogenetic analysis under MP seems to be (to some extent)
predictable. Although the aforementioned similarities in the results obtained for inference under
MP and BI indicate that topological impact under both methods seems to be affected by the same
underlying factors, confirming this and extending these results into predictive frameworks will
require improving the way impact is estimated under BI. Ensuring convergence of chains, using a
larger number of trees from the posterior distributions for calculations, and sampling trees
according to their posterior probability are some of the ways in which this might be achieved.
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2.10 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Distribution of the proportion of missing data between extant (blue) and fossil (orange)
terminals across all matrices employed. For this, and all other analyses performed, no distinction
was made between missing and inapplicable states.
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Figure S2: Differences in the percentage of coded characters between fossil and extant terminals
(left, dark colors) and fossil and pseudoextint terminals (right, light colors). Values were obtained
by randomly pairing terminals of each type and comparing the percentages of coded characters.
The procedure was repeated 10,000 times for each pairing type and dataset. Given the differences
in the proportion of missing data between these types of terminals, the direct comparison of the
topological impact of extant and fossil addition (Figs. 2, S7) is likely biased towards favoring extant
terminals. Similarly, the comparison of fossils and pseudoextinct terminals (Figs. 3, S7) is likely
biased towards favoring fossil terminals, although the strength of the bias introduced by missing
data is expected to be much lower in this case (2.3-4.6 times lower on average, depending on the
dataset).
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Figure S3: Alternative ways of calculating topological distances between sets of trees (average of
the mean and minimum RF distances of each tree to all the trees in the other set) are highly
correlated (all Pearson’s r > 0.89, P < 10-259). Choosing between them is not expected to modify
downstream analysis, and therefore the minimum RF distance was employed.
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Figure S4: Comparison of the estimated topological impact of taxa under Bayesian inference and
maximum parsimony. Orange dots correspond to fossils taxa, those in blue to extant taxa.
Correlation is highly significant (P < 10-16) but not very strong (Pearson’s r = 0.402).
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Figure S5: Distribution of estimated topological impact for terminals of different datasets under
maximum parsimony (MP).
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Figure S6: Distribution of estimated topological impact for terminals of different datasets under
Bayesian inference (BI).
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Figure S7: Comparison of the average topological impact (estimated using RF distances) generated
by adding fossil (orange), extant (blue) and pseudoextinct (green) taxa to phylogenetic hypotheses
built exclusively from extant terminals. This represents an overall summary of the data showed in
Figures 2 and 3. Given the difficulty of visualizing all three treatments in a single plot, the data was
further averaged to a single value for each combination of number and type of terminal added.
Regression lines were estimated for each type of terminal independently. See Figure S11 for a
similar plot using quartet distances.
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Figure S8: Impact of the choice of metric on the estimation of tree distances. Quartet and RF
distances show a strong pattern of correlation (all Spearman’s ρ > 0.67, P < 10-158), and seem to be
highly concordant when calculating distances between sets of topologies. Some degree of saturation
in RF distances is evident in a few cases (such as the parsimony analysis of the squamate dataset),
but even these do not seem to modify downstream analyses (see Figs. S9-13).
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Figure S9: Comparison of the topological impact of fossil (orange) and extant (blue) terminals.
Analysis of the data is performed as in Figure 2, although using quartet distances.
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Figure S10: Comparison of the topological impact of fossil (orange) and pseudoextinct (green)
terminals. Analysis of the data is performed as in Figure 3, although using quartet distances.
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Figure S11: Comparison of the average topological impact (estimated using quartet distances)
generated by adding fossil (orange), extant (blue) and pseudoextinct (green) taxa to phylogenetic
hypotheses built exclusively from extant terminals. This represents an overall summary of the data
showed in Figures S9 and S10. See Figure S7 for a similar plot using RF distances and further
methodological explanations.
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Figure S12: Comparison of the topological impact of paleontological (orange) and neontological
(blue) data. Analysis of the data is performed as in Figure 4, although using quartet distances.
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Figure S13: Visual summary of the type of topological changes induced by the addition of
pseudoextinct (green) and fossil (orange) taxa to trees of extant terminals. Topologies occupy
significantly different regions of treespace in 88.7% of the cases (266/300). Half of the nonsignificant results correspond to the BI analysis of the lemuriform dataset.
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Figure S14: The topological impact under Bayesian inference (BI) of fossil (orange) and extant
(blue) taxa, and its relationship with the percentage of missing data. Regions of significance are
shown above the plot. Results are very similar to those shown in Figure 6a for maximum parsimony.
However, note that there is no region of percentage of missing data for which extant taxa show a
significantly higher impact.
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Figure S15: Effect size of the significant determinants of topological impact under Bayesian
inference. Variables are ordered (top to bottom) according to the order in which they are
incorporated into the stepwise linear model. Effect sizes are standardized to reflect expected
changes generated by a difference of one standard deviation. Results are very similar to those shown
in Figure 6b for maximum parsimony, although fewer variables are recovered as significant under
Bayesian inference.
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Table S1: Relative importance of predictors in the random forest regression models built to
explain differences in topological impact across taxa under MP and BI. Importance is measured
using percentage increase in mean squared errors (%IncMSE). This is calculated as the difference
in MSE on the out-of-bag portion of the data before and after randomly permuting each predictor
variable. The difference between the two is averaged over all trees and normalized by the
standard deviation of the differences.
Predictor

%IncMSE for

Predictor

MP

%IncMSE for
BI

Distinctiveness

119.70

Distinctiveness

73.04

Missing data

108.83

Missing data

68.96

Uniqueness

94.93

Clock-likeness

68.63

Primitiveness

70.25

Uniqueness

61.63

Clock-likeness

68.38

Av. branch length

55.65

Autapomorphies

65.66

Primitiveness

55.50

Av. branch length

61.90

Autapomorphies

52.92

Var. branch length

43.26

Var. branch length

44.74

Type

24.88

Type

17.98
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Table S2: Relative importance of predictors in the random forest classification model built to
explain differences in topological impact across taxa under MP. Importance is measured as
explained in the caption of Table 1, although using the difference in accuracy (classification error
rate) before and after randomly permuting predictors.
Predictor

Mean decrease in accuracy

Missing data

167.94

Distinctiveness

159.51

Uniqueness

149.57

Type

71.13
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CHAPTER 3 – Fossils improve phylogenetic analyses of morphological
characters

3.1 ABSTRACT
Fossils provide our only direct window into evolutionary events in the distant past.
Incorporating them into phylogenetic hypotheses of living clades can help time-calibrate
divergences, as well as elucidate macroevolutionary dynamics. However, the effect fossils have
on phylogenetic reconstruction from morphology remains controversial. The consequences of
explicitly incorporating the stratigraphic ages of fossils using tip-dated inference are also unclear.
Here we use simulations to evaluate the performance of inference methods across different levels
of fossil sampling and missing data. Our results show that fossil taxa improve phylogenetic
analysis of morphological datasets, even when highly fragmentary. Irrespective of inference
method, fossils improve the accuracy of phylogenies and increase the number of resolved nodes.
They also induce the collapse of ancient and highly uncertain relationships that tend to be
incorrectly resolved when sampling only extant taxa. Furthermore, tip-dated analyses under the
fossilized birth-death process outperform undated methods of inference, demonstrating that the
stratigraphic ages of fossils contain vital phylogenetic information. Fossils help to extract true
phylogenetic signals from morphology, an effect that is mediated by both their distinctive
morphology and their temporal information, and their incorporation in total-evidence
phylogenetics is necessary to faithfully reconstruct evolutionary history.
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3.2 INTRODUCTION
Phylogenies underpin our ability to make sense of life on Earth in the context of its
shared evolutionary history. In the absence of phylogenetic hypotheses, we would be unable to
explain the myriad of biological phenomena that arise as the result of common ancestry, such as
shared morphological features among seemingly disparate taxa. Many analyses that seek to
investigate evolutionary events that occurred in the distant past do so using data from only living
organisms. However, this might not be enough to faithfully recover evolutionary events that
occurred in the distant past, as extant-only trees often lack the information necessary to
distinguish between alternative scenarios [1] and can even favour incorrect results [2]. The
incorporation of fossils into comparative analyses has been shown to have a positive effect on the
inference of modes of macroevolution, ancestral character states and patterns of speciation and
extinction [1–4]. Placing fossils in a phylogenetic framework is therefore necessary not only to
understand their affinities, but also to obtain an accurate picture of evolutionary history.
The effect that adding fossils has on phylogenetic inference remains equivocal, however.
Although fossils were originally dismissed as being too fragmentary to modify inferred
relationships among living species [5], a number of empirical studies have demonstrated a
common pattern of increased congruence between morphological and molecular phylogenies
when palaeontological data are introduced (e.g., [6–9]). A recent analysis of multiple empirical
datasets showed that adding fossil taxa to morphological matrices reshapes phylogenies in a
manner that is entirely distinct from increasing the sampling of extant taxa [10], a result largely
attributable to the possession of distinctive character combinations in fossil taxa. However, given
that the true tree of life is unknown, this study was unable to determine if these topological
changes resulted in phylogenies that are more accurate.
Distinct combinations of morphological characters are not the only potential source of
phylogenetic information that fossils can provide. The stratigraphic sequence of taxa in the rock
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record has also been proposed as a source of data with which to infer phylogenies, as taxon first
appearances should reflect their phylogenetic position if the fossil record were perfect [11, 12].
Although the use of fossil ages in the process of tree inference was first formalised in a
controversial parsimony framework known as stratocladistics [13], it has since become popular
again through the development of Bayesian tip-dated methods [14]. In this new framework, tree
topology and divergence times are simultaneously estimated using the ages of fossil terminals to
calibrate a morphological and/or molecular clock. This approach has since developed to
incorporate mechanistic models that include parameters for the rates of speciation, extinction and
taxon sampling in an attempt to model the macroevolutionary process that generated the data, i.e.,
the fossilized birth-death process (FBD) [15, 16]. Although the estimation of evolutionary
timescales was the motivation for the development of these methods, they have also been found
to strongly modify inferred topologies [17], thus reshaping our understanding of evolutionary
relationships. The use of temporal information from the fossil record as data in phylogenetic
inference has been criticised however, with concerns ranging from the incompleteness of the
geological record [18] to the non-clocklike evolution of morphology [19].
Inferring the phylogenetic position of fossils can only be achieved using datasets of
morphological characters. Methods for inferring phylogenies from morphology have been
increasingly scrutinised in recent years, establishing Bayesian inference as a valid alternative to
parsimony approaches [20–24]. However, much of the early research on this topic has been
criticized for simulating data under models of morphological evolution that are similar to those
used in Bayesian inference, thus potentially biasing results [25]. In a similar vein, another study
recently found tip-dated trees of extinct clades to be superior to undated ones [26], a conclusion
drawn from topologies simulated under the same birth-death processes used for tip-dated
inference. Empirical analyses suggest fossils may overcome many limitations of morphological
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data for inferring the tree of life, but none of the above simulation studies explored the
topological effects of sampling extinct lineages—or their associated missing data.
In this study we employ a simulation approach [24] to obtain character datasets and
associated phylogenies that does not rely on any model later employed in the process of
phylogeny reconstruction, and thus should not unduly favour any inference method. This also
introduces a level of model misspecification that is common to the analysis of all empirical
morphological datasets. We fine tune our simulations to produce mixtures of living and extinct
taxa, and ensure our trees and characters are empirically realistic through comparison with
published morphological datasets, following best practices for paleobiological simulation [27].
Furthermore, we also mimic the presence of an ancient and rapid radiation [28]: a tree shape
comparable to that of the early radiation of placental mammals [29] or the origin of most modern
animal phyla during the Cambrian explosion [30], as it is often suggested that fossils might be
especially beneficial under this scenario [31]. With these datasets we are able to explore the
impact of palaeontological data on the accuracy of inferred phylogenies for the first time. We do
this through sampling different proportions of fossil taxa across a range of conditions of missing
data, and investigate the relative behaviour of tip-dated inference under the FBD relative to
traditional undated approaches, i.e., maximum parsimony and undated Bayesian inference.

3.3 METHODS
We used TREvoSim v2.0.0 [24, 32], newly released with this paper (binaries and code
available at [33], code archived at [32]), to simultaneously simulate 250 phylogenies and
associated character matrices (a graphical summary of the procedure is shown in Fig. S1).
TREvoSim is an individual-based simulation that incorporates natural selection and implements
its own species definition. It does not rely on either Markov models for the generation of
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character datasets, nor birth-death processes for the simulation of topologies, both of which are
emergent properties of the simulation, and thus should be unbiased towards alternative inference
approaches. Simulations were composed of 500 binary characters, and were run until they
comprised 999 terminals (the maximum allowed), using settings specified in File S1 [34] (further
details are reported in the detailed methods). The resulting phylogenies contained a mean of 150
extant terminals at termination and exhibited a range of tree symmetries (Fig. S2), as estimated
using Colles’ index [35]. We removed fossils at random from these until only 300 terminals
remained, a step that emulated the reality that a significant amount of extinct biodiversity is not
captured in the fossil record. These reduced datasets hence constitute theoretically true and
knowable evolutionary histories. Other simulation settings were chosen to emulate realistic
properties of morphological datasets, including rates of evolution, distribution of branch lengths,
and levels of treeness (i.e. the fraction of total tree length that is on internal branches [36]), based
on a comparison with 12 empirical datasets [34] (see also Table S1 and Figs. S3-4). As previously
outlined, our chosen settings generate topologies with a series of deep and short internodes: tree
shapes comparable to that of clades that underwent an ancient and rapid radiation [28]. Simulated
datasets are available in File S2 [34].
Through subsampling, we built a total of 11,250 morphological matrices from these
simulations, varying the levels of missing data and proportions of fossil terminals (see Fig. S5 for
a summary of this procedure). All resulting matrices were composed of 100 terminals and 300
parsimony-informative characters. Terminals were selected at random from among the available
fossil and extant tips, in such a way as to obtain matrices with five levels of fossil sampling: 0,
10, 25, 50 and 100%. Furthermore, datasets were analyzed without any amount of missing data,
as well as implementing low (25% for extant taxa, 37.5% for fossils) and high levels of missing
data (25% and 50%, respectively). The latter condition was designed to mimic realistic levels of
missing data as found across the empirical datasets surveyed (Table S1). Imputation of missing
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data was performed at random, resulting in some variation in the final amount of characters coded
per taxon. Three iterations of each condition were performed per original dataset, reducing the
topological effects that are merely a consequence of character and taxon sampling. Manipulation
of topologies and character matrices was performed within the R environment [37] using custom
scripts [34] that make use of packages ape [38], Claddis [39] and phytools [40]; morphological
matrices are available as File S3 [34].
All matrices were analyzed using equal weighted maximum parsimony (henceforth MP),
as well as both undated (BI) and tip-dated (clock) Bayesian approaches. In the latter case, we
implemented either the fossilized birth-death [15] or birth-death tree priors, depending on
whether fossil taxa were sampled or not, respectively. Parameters for tip-dated analyses, such as
prior distributions for the tree height and tip ages, were informed using data mined from the
Fossil Calibration Database [41] (http://fossilcalibrations.org) and the Paleobiology Database
(https://paleobiodb.org/) respectively. Phylogenetic inference was performed using TNT 1.6 [42]
and Mrbayes 3.2 [43].
We summarize these analyses using standard consensus methods (i.e., strict consensus for
MP, majority-rule consensus for probabilistic methods; all available as File S4 [34]), and
compared the inferred consensus topologies to true (simulated) trees using both bipartition and
quartet-based measures of precision and accuracy. We define topological precision as the number
of resolved bipartitions/quartets, and topological accuracy as the proportion of these that are
correct (i.e., present in the true tree). While bipartition-based metrics provide an overall summary
of the patterns seen across the tree, quartet-based metrics will primarily capture topological
changes occurring close to the root, as deeper nodes account for a large fraction of total quartets.
Furthermore, the overall performance of alternative methods of inference under different
conditions was summarized using quartet distances [23] between estimated and true trees. Quartet
distances have been found to outperform measures of tree similarity based on bipartitions,
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especially when the topologies being compared are not fully bifurcating [23, 44]. They are also
less susceptible to influence from wildcard taxa and tree shape, and have been found to produce
more intuitive results and be less prone to saturation, than symmetric distances based on
bipartitions [23, 45]. Significant differences were explored by comparing the distributions of
quartet distances between tip-dated inference and the best undated method across conditions,
using t-tests and implementing the Benjamini and Hochberg correction for multiple comparisons
[46].
We further explored the effects of incorporating fossils on relationships among living
clades. We pruned simulated trees down to the subset of extant terminals and defined three timeslices of equal duration, representing deep, mid and shallow divergences (see Fig. S6). Nodes
falling into each of these categories were compared with those present in the inferred consensus
topologies and classified as being resolved correctly, incorrectly, or otherwise left unresolved
(i.e., forming part of a polytomy). By repeating this procedure across levels of fossil sampling, we
were able to isolate the effect of fossils on the resolution of extant relationships. Finally, we also
explored the different ways in which inference methods resolved the position of fossil terminals
(i.e., correctly/incorrectly/unresolved) depending on their relative ages. In this case fossils were
binned into twenty time-bins spanning the total depth of simulated topologies.
All analyses were performed using R code available from the Dryad repository [34], and
relied on packages mentioned previously, as well as functions from phangorn [47], Quartet [48,
49] and TNTR [50]. Further details on data simulation, tree inference and statistical analyses, as
well as supplementary figures and tables, can be found in the Supplementary Information.
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3.4 RESULTS
Fossil terminals increase the accuracy of phylogenetic reconstruction (i.e., the proportion
of correct phylogenetic statements) across all inference methods (Fig. 1). With no missing data,
quartet-based accuracy consistently improves with an increasing proportion of fossils. Measured
through bipartitions, accuracy is generally highest when 50% of terminals are fossils, and
decreases with either higher or lower proportions of extinct taxa. Missing data has no effect on
quartet-based accuracy, and thus has little impact on the correct resolution of deep relationships.
For bipartition-based accuracy, a noticeable impact of missing data is seen for both MP and
clock, but undated BI is relatively more robust.
In the absence of missing data, topological precision increases with fossil sampling when
measured using bipartitions, but decreases under quartets. These opposite patterns are the
consequence of higher fossil sampling improving the overall resolution of topologies (i.e., the
total number of resolved nodes), but at the same time inducing the collapse of a small number of
deep nodes (which are present in a large proportion of quartets). This is further supported by
results shown in Fig. S7. Missing data does not modify these general trends, but does have a
strong impact on overall levels of resolution (i.e., bipartition-based precision), and strongly
affects both inference under MP and the analysis of entirely extinct clades. Once again, the
resolution of deep relationships is stable across levels of missing data.
Average quartet distances between inferred and true trees reveal that the general
performance of probabilistic approaches (clock and BI) improves when living and fossil taxa are
combined, relative to their behaviour when datasets are composed entirely of either type of
terminal (Fig. 2). MP on the other hand remains unaffected by the proportion of fossils when no
data are missing, but its performance declines with increasing proportions of incomplete
terminals. Across all conditions explored, probabilistic approaches recover topologies more
similar to the true tree than parsimony, a difference that widens with increasing missing data (Fig.
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S8. Tip-dating significantly outperforms uncalibrated approaches whenever fossil terminals are
sampled (except in the analysis of entirely extinct clades with high levels of missing data). For
any given level of missing data, the best results (i.e., the shortest distances between inferred and
true trees) are always obtained when datasets combine fossil and extant terminals, and are tipdated under the FBD model (Fig. 2). However, the relative benefit of tip-dating diminishes as the
proportion of missing data increases (Fig. S8).
Given the apparent positive reinforcement between fossil and extant terminals, we
explored the effect that fossil addition has on relationships among extant terminals. Across
inference methods, fossils help recover true relationships for mid and shallow divergences (Fig.
3), but do not affect the proportion of correctly resolved deep nodes (including those involved in
ancient and rapid radiations). For undated inference methods (MP and BI), these deep nodes are
predominantly resolved incorrectly, regardless of fossil sampling. However, fossils induce the
collapse of deep nodes, strongly reducing topological inaccuracy. This effect is biggest when
performing tip-dated inference, and is a major reason why this approach outperforms undated
methods of inference in our study. In contrast, fossil placement in tip-dated trees is less accurate
than under undated BI, especially so for younger fossils (Fig. S9).

3.5 DISCUSSION
Through simulations, we demonstrate that palaeontological data (both morphological and
stratigraphic) have a strong impact on tree inference across a wide range of realistic scenarios,
which is congruent with the results of empirical studies [10]. Analyses that incorporate
palaeontological data are more accurate than those based exclusively on extant taxa, regardless of
inference method (Fig. 1). In part, this improvement is driven by fossils' power to elucidate
relationships within living clades, especially among lineages separated by mid- to shallow
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divergences (Fig. 3). Hence, we might expect the increased congruence between morphological
and molecular trees found for some clades [6–9, 51]) to reflect a general trend of consilience
through improved accuracy as fossils are incorporated in phylogenetic reconstruction. Trees that
combine living and extinct taxa also show a higher proportion of resolved nodes, while at the
same time leaving more deep nodes unresolved (Figs. 1, 3). The phylogenetic analysis of
morphological data has been previously shown to result in overprecise topologies [21, 24], a
phenomenon we find to be most prevalent among deep divergences. This result implies that
characters evolving at rates comparable to those of empirical morphological traits fail to retain
phylogenetic signal for ancient and rapid divergences (Figs. S3 and S10). With increasing fossil
sampling, this overprecision is remedied as deep nodes collapse (especially under tip-dated
inference), increasing the accuracy of the resulting topologies. Therefore, fossils help recognize
the high uncertainty associated with resolving such complicated phylogenetic questions with the
use of small morphological datasets. Although missing data decreases both accuracy and
precision, it has little effect on the resolution (or lack thereof) of deep nodes, and thus impacts
quartet-based measures minimally (Fig. 1).
In recent years, probabilistic approaches that explicitly model the processes of
morphological evolution and species diversification have increased in prominence. Our results
corroborate recent studies [20–24] by suggesting that probabilistic methods recover consensus
topologies more similar to true trees compared to MP (Fig. 2). This pattern holds true across all
conditions explored, but becomes stronger with increasing levels of missing data, which
adversely impact parsimony more than probabilistic methods (Fig. S8). Even though Bayesian
approaches have been criticised for their handling of incompletely-coded morphological
characters [52], we find missing data have a comparatively small effect on Bayesian consensus
trees. In contrast, realistic levels of missing data in MP analyses completely negate the benefit of
a more thorough fossil sampling.
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Probabilistic methods of inference can also directly employ the morphological and
stratigraphic information from fossils to inform divergence times, allowing for greater flexibility
in the integration of molecular and palaeontological data [53]. Such integrative, total-evidence,
approaches have provided unique insights into the origin and evolution of numerous lineages
[54–57]. However, the ways in which morphological and stratigraphic information interact to
determine tree topology is an active research area that is arguably in its infancy [17, 27, 58]. For
example, while some improvements in tree topology have been found when fossil ages are
included in the process of phylogenetic inference [27], temporal data can also override
morphological signals in potentially detrimental ways [17, 59, 60]. Here we show that Bayesian
tip-dated methods that make use of stratigraphic information significantly outperform undated
methods across most of the conditions we explored, indicating that stratigraphic ages provide
important phylogenetic information [13, 17, 61, 62]. However, the relative benefit of tip-dating
seems to diminish in the presence of realistic levels of missing data (Fig. S8), to the point that tipdated topologies of entirely extinct clades are not significantly better than undated ones (Fig. 2).
Topological changes induced by tip-dating fossil clades (e.g., [63, 64]) should therefore be
considered cautiously. Furthermore, tip-dated inference under the FBD struggles to infer the
position of fossil terminals (as also shown by [56]), and is the least accurate method for placing
young fossils (Fig. S9).
Fossils often overturn relationships among extant taxa, even when highly incomplete
[10]. The way they do so, however, depends on the relative age of extant clades: fossils increase
accuracy of mid- to shallow nodes, while decreasing overprecision among deep nodes, including
those involved in ancient radiations (Fig. 3). Several authors have hypothesized such radiations
are cases where a strong contribution from fossils might be expected, as they represent the only
taxa that can directly sample the radiation event, and have character states that are less burdened
by subsequent evolutionary change [31, 65]. Our results suggest instead that such ancient events
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of rapid diversification may be out of the reach of morphological signal, and that favoured
resolutions are likely to stem from convergences acquired later in evolutionary history (especially
if fossils are not sampled). However, even though fossils do not help resolve ancient nodes in
phylogenies, they nonetheless play an important role by inducing the collapse of the nodes
involved in these deep divergences, mitigating the misleading signal provided by sampling only
extant taxa. This effect is stronger when their temporal information is incorporated, and is a major
driver of the improved accuracy of tip-dated phylogenies.

3.6 CONCLUSIONS
Reconstructing evolutionary processes that occurred in the distant past benefits from
integrating molecular and palaeontological data [3, 66, 67], a goal that is facilitated by totalevidence dated inference [14, 53–58, 60]. Within this framework, extracting accurate
phylogenetic signal from morphological datasets is crucial, as morphology has been shown to
impact tree topology [68] and divergence-time estimates [60, 69] even when combined with
genome-scale datasets. Our analyses show that this goal can be achieved through increased fossil
sampling, as both the morphological and stratigraphic information from fossils positively impact
tree topology. However, tip-dating is also sensitive to the presence of missing data, and thus
combining fossils with more complete data from living relatives (morphological and/or molecular
[58]), is likely to result in the most accurate inference of phylogenetic relationships.
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3.8 FIGURES

Figure 1: Impact of fossil sampling, missing data and method of inference on topological
accuracy and precision. Precision (right) represents the proportion of resolved
bipartitions/quartets, accuracy (left) the fraction of these that are correct. Values correspond to
means +/− one standard deviation.
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Figure 2: Average quartet distances between inferred and true trees across inference methods,
proportions of fossil terminals and levels of missing data. For all conditions explored, clock
analyses infer trees that are the most similar to the true trees (i.e., show the smallest distances),
and MP the most dissimilar (i.e., show the largest distances). Asterisks mark the conditions under
which the quartet distances of clock analyses are significantly lower than those of the second best
method (i.e., BI).
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Figure 3: Effect of fossils on the way relationships among extant taxa are resolved (from top to
bottom: correctly, incorrectly and unresolved). Results correspond to the high missing data
condition, as this was designed to mimic empirically realistic datasets. Nodes connecting extant
taxa were grouped into three time-bins of equal duration, representing deep-, mid- and shallow
divergences.
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3.9 SUPPLEMENTARY INFORMATION
3.9.1 Detailed methods
Data generation— Much of the research on the relative performance of maximum
parsimony and Bayesian inference as methods of phylogenetic reconstruction from morphology
has employed stochastic models to generate the simulated data (e.g., [20–22]). In instances where
these models of morphological evolution are also employed by software to infer trees under
probabilistic methods, this decision has been criticised for potentially generating a bias towards
favouring the use of Bayesian methods [25, 70]. For instance, a recent study found tip-dated trees
of extinct clades to be superior to undated ones [27]. Extrapolating this finding to empirical data
is made challenging by the fact that fossils lacked missing data, and that data were simulated
using the same birth-death processes employed in the process of inference. Given the impact of
the tree prior on the topologies recovered [71] this decision could potentially bias analyses
towards favouring tip-dated inference, and it is likely that the history of diversification in real
clades deviates from constant-rate birth-death dynamics [72, 73]. Here, we generate phylogenies
and morphological matrices in a way that does not rely on any model (i.e., Markov substitution
models or birth-death tree models) later employed in the process of phylogenetic inference, in
order to minimise bias and maximise the extent to which we can extrapolate from this study to the
analysis of empirical datasets.
Character datasets and associated phylogenies were created simultaneously using the
individual-based simulation software TREvoSim, which has been fully described by Keating et
al. [24]. In this program, individuals are represented using binary strings, or genomes, which
ultimately form the character data in the simulation. These strings are—through comparison with
an environment—used to calculate individuals’ fitness. This fitness is based on the hamming (i.e.,
character) distance between their genome and the random strings (= masks) which comprise the
environment. Individuals compete against others within a list structure called the playing field (of
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which there can be one, or many, with the same—or different—environments). The fitness of an
individual, derived from comparison to its environment, dictates the probability it will duplicate.
Duplication is accompanied by a user-defined chance of mutation, and the simulation employs a
lineage-based species concept: a new species is defined based on the character difference between
the parents of a species or that parent’s last daughter species (see Keating et al. [24] for
discussion). Hence, as a simulation runs, a tree representing the evolutionary relationships of
species is recorded, and the character data for each species is recorded at the extinction of that
species. The phylogeny and associated character data are output from a simulation once the
requested number of taxa has evolved.
The data for the present study were generated in TREvoSim v2.0.0 [32, 33] to meet a
number of benchmarks based on the analysis of twelve empirical datasets, as outlined below. In
order to achieve these properties—and as part of ongoing development of the package—a number
of features have been added to TREvoSim, and are found in version 2.0.0, the release
accompanying this paper. The simulation now allows multiple playing fields in which
populations of digital organisms live and compete, which can have independent or identical
environments. This allows a finer control of the number of extant terminals at simulation
termination and the treeness of the resulting topologies (as a result, simulations can comprise
several clades evolving independently). When an organism is duplicated, it is returned to the
playing field, overwriting another individual: in release 1.0.0 this was the least fit member of the
playing field. In release 2.0.0 there is an option to overwrite a random taxon. This allows a wider
variance in terminal branch lengths. In order to provide finer control over the fitness landscape
within the simulation, user control of the fitness target (i.e., the count of ones in the genome to
environment hamming distance which is considered the peak fitness; see [24, 74]) is now
provided. Setting this to zero provides fewer fitness peaks: a fitness histogram functionality has
been added which calculates all possible fitnesses for a given set of masks and simulation
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settings. Related to this, there is also now the option of dictating the strength of selection based
on fitness: this option defines the probability of selecting any given organism in the playing field
during the coin toss within the algorithm. For example, a value of 2.0 dictates a 50% chance of
selecting a given organism, 4.0 would dictate a 25% chance, and so on. Finally, the software now
provides multiple environments against which the fitness of all organisms is assessed. Within a
playing field, the fitness of any given organism is defined by the environment they are best suited
to. This encourages numerous competing lineages in any given playing field, and creates more
symmetrical trees. Additionally, the code has been refactored, the simulation now makes use of
the Qt QRandomGenerator tools rather than incorporating random data, and a user-accessible test
suite has been added.
For the current study, we generated data using simulations of 500 characters (which
ensured the presence of at least 300 parsimony-informative characters—the size eventually
employed—after taxon subsampling and missing data imputation), that ran until the trees
comprised 999 terminals (the maximum terminal count in TREvoSim). We employed 5 playing
fields of size 40, each with 5 non-identical environments of 3 masks, a species difference of 8, an
unresolvable cutoff of 2 (no identical terminals) and random overwrite enabled. All other settings
employed defaults: File S1 [34] will load these settings in TREvoSim v2.0.0. A graphical
summary of the procedure implemented in TREvoSim can be found in Fig. S1, and for a full
discussion of the model’s operation, we refer the reader to Keating et al. [24].

Data preparation— All subsequent steps of manipulation of topologies and character
matrices were performed within the R environment [37]. TREvoSim runs that have multiple
playing fields can produce trees with zero length branches, where speciations occur from the
starting species in multiple playing fields within the same iteration. While this is not biologically
implausible, it does present significant challenges for phylogenetic inference [28, 75, 76], and
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results in reference topologies that are not fully bifurcating. Therefore, we ran many TREvoSim
simulations and retained 250 simulations with no zero length branches for further study (available
as File S2 [34]). These phylogenies contained a mean of 150 extant terminals at termination and
exhibited a range of tree symmetries (Fig. S2), as estimated using Colles’ index [35]. They also
incorporated an early radiation with short internodes as the lineages became established within
each playing field (Fig. S6), a tree shape broadly comparable to that of clades that underwent
ancient and rapid radiations [28], such as occurred during the Cambrian explosion [30] and at the
origin of the major lineages of placental mammals [29] and insects [77]. Analysis of
morphological coherence [78] shows a linear correlation between morphological and patristic
distances, with saturation occurring only among the deepest divergences (Fig. S10).
Prior to further analysis, we removed fossils at random until only 300 terminals
remained, a step that emulated the reality that a significant amount of extinct biodiversity is not
captured in the fossil record (or remains undiscovered). This left datasets with an average of 150
extant and 150 extinct terminals, although values varied between a minimum of 136 and a
maximum of 169 extant terminals (Fig. S2). Simulations were then compared to twelve empirical
datasets (including morphological datasets and associated time-calibrated topologies) to
corroborate the realism of their properties, following best practices for simulation studies in
paleobiology [27]. Empirical datasets constitute a mix of tip-dated morphological and totalevidence trees, which either sample both living and extinct terminals, or only fossils (Table S1).
We compared: levels of morphological variability (measured as the number of parsimony steps
per character), distributions of branch lengths, and values of treeness. The number of parsimony
steps were tallied only for characters that were both binary and variable, as this is the type of data
produced by TREvoSim, and were estimated using functions from R package phangorn [47]. In
all cases, we confirmed that the values exhibited by our simulations were comparable to the range
of values displayed by empirical datasets (Figs. S3-4), and can thus provide insights on the
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behaviours of phylogenetic inference from morphological data. Empirical morphological datasets
and R code to perform the comparisons are available in the online Dryad repository [34].
Datasets were subsequently subsampled further to a size of 100 taxa and 300 characters, a
final size that is shared by all of our analyses. Taxon subsampling was performed so that the final
matrices contained different amounts of extinct lineages, including 0, 10, 25, 50 and 100% fossil
terminals. Furthermore, the datasets were also subject to one of three different treatments of
missing data, including no missing data, low levels of missing data (25% for extant taxa, 37.5%
for fossils), or high levels of missing data (25% for extant taxa, 50% for fossils). The high
missing data treatment is similar to the average values found across empirical datasets
(proportions of missing data 28.9 and 54.2%, in extant and fossil taxa respectively; Table S1),
and can thus be considered the most realistic. As defined here, low levels of missing data
represent an optimistic condition, observed in clades with unusually high levels of preservation.
The chosen amount of missing data in fossils under this condition is, for example, similar to the
amount of missing data present in the trilobite dataset (i.e., 36.3%). The condition of no missing
data is explored to better understand the behaviour of methods of phylogenetic inference under
ideal conditions. Even though missing data is highly structured in empirical morphological
datasets [79–82], our simulated characters are independent and thus an approach to missing data
imputation that implements some degree of correlation was not deemed necessary. Data was
therefore deleted at random from the entire dataset, which also ensured some stochastic
variability in the final proportions of data found among terminals of the same dataset. After taxon
subsampling and missing data imputation, 300 parsimony-informative characters were selected at
random.
In order to emulate the fact that different phylogenetic analyses of the same clade often
sample different taxa and characters, this entire process was iterated three times for each
combination of dataset, level of missing data and proportion of fossil terminals. This resulted in
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alternative datasets derived from the same evolutionary history, but differing in the traits and
terminals that were incorporated. Overall, this procedure generated 11,250 final character
matrices (250 simulations * 5 proportions of fossils * 3 levels of missing data * 3 iterations),
available as File S3 [34]. Values obtained for different iterations of the same dataset and
condition were averaged to a single value before analyses, reducing the impact of taxon and
character sampling decisions on final results. Matrix and tree manipulations relied on custom R
scripts [34] and made use of functions in packages ape [38], Claddis [39] and phytools [40].
Even though we replicated many of the key features of empirical morphological datasets
that we believe need to be considered in order to draw general conclusions regarding the
behaviour of methods of phylogenetic inference, we recognise—and would like to highlight—
other aspects of our simulations that are likely not representative of those of empirical data. For
example, even when missing data was applied at random to entire blocks of extant and fossil
terminals, thus generating some level of variation in the total amount of coded data per taxon,
missing data is much less homogeneously distributed across both taxa and characters in empirical
datasets [79, 80, 82]. Furthermore, our simulated datasets do not take into account character
contingencies, such as those generated by the hierarchical relationships that arise from the
ontological dependences between morphological traits [83], for example. Fossil sampling is also
likely to be less even in empirical studies than it is in these simulations, either as a consequence
of the incompleteness of the rock record or of the targeting of specific timeframes by the
researchers. Finally, most phylogenetic analyses sample taxa so as to capture all or most of the
main lineages of the clade under analysis, an approach known as diversified sampling [84]. In our
subsampling step that reduced datasets from 300 to the final 100 terminals included in
phylogenetic analyses, and which simulates the step of taxonomic sampling made during matrix
construction, we selected terminals at random.
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Phylogenetic inference— All character matrices were analyzed using three methods of
phylogenetic inference: maximum parsimony (MP), uncalibrated Bayesian inference (BI), and
time-calibrated Bayesian inference under a morphological clock (clock). Inference under MP was
performed using TNT v. 1.5 [42] under equal weights, using driven tree searches with five initial
replicates that were subject to new technology search heuristics [85, 86]. Search was continued
until minimum length was found twenty times. TBR branch swapping was then performed on the
topologies in memory, retaining up to 50,000 maximum parsimony trees (a TNT batch script can
be found as File S5 [34]). Inference under BI was performed in MrBayes 3.2 [43] under the Mk +
Γ model [87] with correction for only including parsimony-informative characters. Two runs of
four Metropolis-coupled MCMC chains were continued for either twenty million generations or
until an average standard deviation of split frequencies (ASDSF) < 0.005 was attained. Previous
analyses had continued analyses until ASDSF values of 0.01 were met, which was taken as
indication of a thorough sampling of the posterior distribution of topologies [10, 22]. The ASDSF
values attained by our analyses were registered upon completion, revealing median values < 0.01
across all conditions for both undated and tip-dated Bayesian methods (Fig. S11). Given that we
focused exclusively on topologies, we did not ensure the convergence of other parameters. It
should be noted that several parameters intrinsic to inference under the fossilized birth-death
(FBD) process, including those involved in determining the clock rate and branch length
distribution, have not been found to affect the overall topological accuracy of tip-dated analyses
[27]. Trees were sampled every 1,000 generations and the initial 50% was discarded as burn-in.
Clock analyses were also run in MrBayes, primarily under the FBD process but using the
birth-death branch length prior when fossils were not sampled. In order to assign age uncertainty
to fossils, the entire Paleobiology Database (PBDB; https://paleobiodb.org/) was downloaded and
used to build a distribution of species longevities. Occurrences assigned to the same species were
grouped, and longevities were defined as the time spanned between the minimum age of their first
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occurrence and the maximum age of their last one. A few hundred fossils with longevities longer
than 100 Ma were filtered out. The distribution of remaining longevities was found to
approximate an exponential distribution with a rate parameter of 0.115 (estimated using ‘fitdistr’
in MASS [88]), corresponding to a mean duration of 8.67 Ma. An exponential distribution also
ensured short intervals were more likely to be drawn, while also allowing long durations to occur
occasionally [89–91]. Time intervals were generated by sampling from this distribution and
assigning to fossil terminals in such a way that the true tip age is contained randomly within this
interval [27]. A minimum interval of 0.0117 Ma (the shortest one included in the PBDB) was
enforced, and ranges were checked not to cross the present. Time ranges were treated as uniform
priors for the age of fossil terminals, an approach that has been found to help recover correct
topologies [27]. Given that the chronograms simulated by TREvoSim are scaled to the number of
iterations, we translated this to absolute time by assuming a 210.9 Ma old root, given the average
timespan of the 12 empirical datasets used as reference (see above), and rescaled branch lengths
accordingly. This true root age was treated as an unknown parameter. To establish a tree age
prior, we used an offset exponential distribution with a minimum value set to the minimum of the
age range of the oldest preserved fossil (i.e., the oldest fossil in the full 300-taxon dataset; note
that this taxon might or might not be a terminal in the analysis depending on the random
subsampling step). To establish a mean for the distribution, we scraped the fossil calibration
database [41] using functions from R package rvest [92] and obtained 202 node calibrations with
both minimum and maximum values. The average difference between these (107.7 Ma) was used
to establish a soft maximum, setting the mean of the offset exponential distribution so that 95% of
prior probability lies between the minimum and this value plus 107.7 Ma. The probability of
sampling extant taxa was fixed to the true value, and the species sampling strategy was set to
either ‘fossiltip’ or ‘random’, depending on whether analyses incorporated or not extinct
terminals, respectively. The first of these ensured fossil taxa could not be recovered as sampled
ancestors. Even though allowing for direct ancestor-descendant relationships is a major aspect of
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the realism of the FBD process [15, 93], TREvoSim simulations record the morphology of fossils
only upon the extinction of the lineage. An independent gamma rate (IGR) prior was used for the
morphological clock, the speciation probability prior was set to an exponential distribution with a
rate of 10.0 and default values were used for all other priors and parameters. Two runs of four
chains were continued for either fifty million generations or until reaching an ASDSF < 0.005.
All other settings were as for the BI analyses. As shown in Fig. S11, these settings were enough
to ensure topological convergence was attained.

Statistical analyses— As done by previous studies (e.g., [25]), phylogenetic analyses
were summarized using standard consensus approaches (i.e., strict for MP, 50% majority-rule for
BI and clock), and the consensus topologies were compared to the corresponding true trees using
a suite of approaches. Although differences in the behaviour of inference methods have been
found depending on whether optimal or consensus topologies are employed [24], the amount of
data generated here precluded the use of samples of optimal topologies. Furthermore, even when
sets of optimal trees are (or should be) routinely employed to draw macroevolutionary inferences
[94], systematic studies generally rely only on consensus trees to draw their conclusions.
First, we measured the topological precision and accuracy of the analyses using both
bipartitions and quartets. Topological precision was measured as the overall number of resolved
bipartitions/quartets, topological accuracy as the proportion of these that are correct (i.e., present
in the true tree). Furthermore, we used quartet distances as a summary statistic of the overall
difference between true and inferred trees. For these analyses, we first averaged the values
obtained from different iterations of the same dataset under the same conditions, which just
differed on taxon and character sampling. This gave us estimates of precision, accuracy and
quartet distances that average out the effects of decisions taken during matrix construction, and
should better approximate the overall difficulty of estimating relationships across the range of
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conditions explored. For quartet distances, the distribution of the best and second best methods of
inference (clock and BI, respectively) were compared using t-tests, and P-values were corrected
for multiple comparisons using the Benjamini and Hochberg [46] correction.
A major theme in the discussion of the relevance of palaeontological data for
phylogenetic inference is whether fossils are able to improve our estimates of the relationships
among living clades[5, 10, 31, 95–98]. In order to explore this, we pruned down all inferred trees
to just the extant taxa, and analyzed the impact that increasing fossil sampling has on the
accuracy with which their relationships are reconstructed. In order to further account for a
possible relationship with divergence times, we subdivided trees into three equal time bins
representing shallow, mid and deep divergences (Fig. S6). Nodes connecting extant taxa in the
true trees were then classified as being resolved correctly or incorrectly in the inferred consensus
tree, depending on whether the node corresponding to the last common ancestor of taxa in that
clade gave rise to a single clade of identical composition (regardless of its internal topology) or
not. In case such a node constituted a polytomy (i.e., gave rise to more than 2 descendant
lineages), all possible resolutions of this polytomy were explored, and the node was considered
unresolved if a clade with the exact same composition as that of the true tree was found among
the possible resolutions. If a clade with the correct composition could not be generated, the node
was also counted as incorrectly resolved. Values were then expressed as fractions of the total
number of nodes present within each time bin in the true tree. Analyses composed of only extinct
terminals were excluded. Furthermore, we also assessed the way in which fossils of different ages
are resolved across inference methods. Fossil terminals were classified as either being unresolved
(i.e., attaching to a polytomous node), correctly or incorrectly resolved. We counted correctly
resolved fossils as those whose sister group has the same composition in reference and inferred
trees, regardless of internal relationships. We also subdivided the time spanned by reference trees
into 20 time bins of equal duration, and estimated the proportion of fossils in each category for
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every bin. For both of these analyses (fossil placement and effect on extant nodes), we restricted
the data to replicates with high levels of missing data, which is the condition most similar to
empirical data (see above). Quantification of these metrics relied on custom R scripts (available
in the online Dryad repository [34]) and made use of functions in packages ape [38], phangorn
[47], phytools [40], Quartet [48, 49] and TNTR [50]. A graphical summary of taxon sampling,
dataset construction, phylogenetic inference and statistical analyses can be found in Fig. S5.
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3.9 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Data generation using the model TREvoSim: an overview of the algorithm and data
structures used under the settings employed in this paper.
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Figure S2: Simulated topologies exhibit a range of values of numbers of extant terminals (left)
and tree symmetry (right), measured using Colless’ index [35]. Mean number of extant terminals
(out of a total of 999) = 149.6, range = 136-169.
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Figure S3: Comparison of 25 randomly-sampled simulated datasets against empirical data. High
(realistic) levels of missing data were input, and simulated datasets were pruned to 100 randomlyselected taxa and 300 parsimony-informative characters, as this is the size of datasets analyzed.
Top. Number of parsimony steps, as a proxy for overall morphological rate and variability.
Empirical datasets were reduced to only binary, parsimony-informative characters, to provide a
better comparison to the type of characters generated by TREvoSim. Bottom. Distribution of
branch lengths, expressed as proportion of total tree length. For both metrics, simulated values are
within 95% confidence intervals made from the combined empirical distributions, and mean
values of simulated datasets are contained within the range of mean values for empirical datasets.
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Figure S4: Comparison of 25 randomly-sampled simulated datasets against empirical data with
respect to their levels of treeness. Simulated datasets were pruned to 100 randomly-selected taxa.
Treeness represents the fraction of total tree length that is on internal branches [36]. Simulated
datasets fall within the range of empirical datasets.
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Figure S5: The analytical pipeline used to prepare and then analyze data employed in this study.
All steps besides phylogenetic inference were performed in R [37].
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Figure S6: Example of how nodes connecting extant taxa were binned into three time-slices of
equal duration. Topology corresponds to a randomly selected simulated tree, pruned to retain only
the 50 extant terminals present in a replicate that sampled 50% fossil tips. The ‘deep’ category
includes the nodes involved in the simulated event of radiation, the mid category incorporated
most of the earliest divergences within each of the main clades, while the shallow category
includes most divergences within these clades.
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Figure S7: Relationship between quartet and bipartition-based precision. Red contour lines show
the kernel density of all consensus topologies across different conditions. Circles show the
median of the distributions as fossil sampling increases, with the median for the corresponding
quadrant highlighted in white. Only data for the condition of no missing data are shown. The
increased sampling of fossil terminals decreases the fraction of unresolved nodes, while at the
same time increasing the fraction of unresolved quartets; i.e., topologies are more resolved, yet
are more likely to exhibit unresolved deep nodes (see also Fig. 3).
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Figure S8: Difference in performance (average quartet distance) between pairs of inference
methods across conditions of missing data. Quartet distances of the better-performing method are
subtracted to that of the worse-performing method, rendering positive absolute differences. The
difference in performance between MP and probabilistic methods widens with increasing missing
data, showing part of the success of probabilistic methods is their robustness to missing data. On
the other hand, the benefits of tip-dating decrease with missing data.
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Figure S9: Effect of age on the resolution of fossils across inference methods. Results correspond
to all fossils across datasets with high levels of missing data. Fossil terminals are binned into 20
time-slices of equal duration, spanning the time from root to tips. Top: Type of resolution
(correct, incorrect, unresolved) of fossil terminals as a function of age. MP exhibits a
comparatively low proportion of correct placements compared to probabilistic methods. Tipdated Bayesian inference has the highest proportion of incorrectly resolved young fossils of all
methods. Bottom: Accuracy of fossil placement as a function of age, measured as the ratio
between the proportion of correctly resolved fossils divided by the proportion of resolved fossils.
Tip-dated inference exhibits a low accuracy in the placement of younger fossil terminals.
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Figure S10: Morphological coherence [24, 78] of 25 randomly chosen simulations.
Morphological and patristic distances show high levels of correlation, with signs of
morphological saturation only at among the most distantly-related terminals.
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Figure S11: Topological convergence of Bayesian runs (undated and tip-dated). The average
standard deviation of split frequencies (ASDSF) of runs was registered upon completion to check
that the requested number of generations was sufficient to adequately sample from the posterior
distribution. The median ASDSF value for each condition of missing data and fossil sampling is
below 0.01 (horizontal line) across BI and Clock analyses. This threshold was used by previous
studies [10, 22] to terminate runs, considering it represented an accurate sampling of the posterior
distribution of topologies. The majority of analyses performed here were continued until ASDSF
values were even lower. Increased fossils sampling helps attain convergence under both tip-dated
and undated Bayesian inference.
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Table S1: Empirical datasets used to determine realistic properties of our simulated datasets (see
Figs. S3-4). For each clade, citations correspond to studies who contributed morphological
matrices, tree topologies, or both. Some phylogenies employed only morphological data, others
combined morphology and molecular evidence under total-evidence approaches, all were inferred
using tip-dated methods. Timespan corresponds to the distance from root to the youngest tip in
millions of years (Ma), as inferred in each study.
Clade

References

Extant taxa

Type of tree

sampled?

Timespan

Number of

Percentage of

(Ma)

taxa -

missing data

characters

(living - fossil)

(Y/N)
Amniota

[99]

N

Morphological

90.8

70 - 294

X - 41.0

[100, 101]

Y

Total-evidence

254.2

117 - 174

9.8 - 37.3

Crocodylia

[56]

Y

Total-evidence

151.1

117 - 278

18.2 - 49.6

Echinoidea

[57, 102]

Y

Total-evidence

354.4

164 - 300

17.1 - 24.9

Gnathostomata

[63]

N

Morphological

184.0

117 - 497

X - 69.8

Lemuriformes

[103]

Y

Total-evidence

72.2

81 - 421

47.7 - 52.6

Mammalia

[104, 105]

Y

Total-evidence

232.0

86 - 4541

39.4 - 59.9

Mysticeti

[106, 107]

Y

Total-evidence

38.0

78 - 269

20.7 - 45.3

[6, 108]

Y

Morphological

771.8

310 - 753

55.4 - 73.4

Serpentes

[109–111]

Y

Total-evidence

181.0

65 - 670

35.3 - 61.1

Testudines

Unpublished

Y

Total-evidence

152.1

100 - 245

16.3 - 51.6

[64]

N

Morphological

49.2

107 - 107

X - 36.3

Coccomorpha

Panarthropoda

Trilobita
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CHAPTER 4 – A total-evidence dated phylogeny of Echinoidea
combining phylogenomic and paleontological data

4.1 ABSTRACT
Phylogenomic and paleontological data constitute complementary resources for
unravelling the phylogenetic relationships and divergence times of lineages, yet few studies have
attempted to fully integrate them. Several unique properties of echinoids (sea urchins) make them
especially useful for such synthetizing approaches, including a remarkable fossil record that can
be incorporated into explicit phylogenetic hypotheses. We revisit the phylogeny of crown group
Echinoidea using a total-evidence dating approach that combines the largest phylogenomic
dataset for the clade, a large-scale morphological matrix with a dense fossil sampling, and a novel
compendium of tip and node age constraints. To this end, we develop a novel method for
subsampling phylogenomic datasets that selects loci with high phylogenetic signal, low
systematic biases and enhanced clock-like behavior. Our results demonstrate that combining
different data sources increases topological accuracy and helps resolve conflicts between
molecular and morphological data. Notably, we present a new hypothesis for the origin of sand
dollars, and restructure the relationships between stem and crown echinoids in a way that implies
a long stretch of undiscovered evolutionary history of the crown group in the late Paleozoic. Our
efforts help bridge the gap between phylogenomics and phylogenetic paleontology, providing a
model example of the benefits of combining the two.
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4.2 INTRODUCTION
Echinoidea is one of the most iconic clades of marine animals. A little over 1,000 species
of echinoids live in today’s oceans (Kroh and Mooi 2019), including species commonly known as
sea urchins, heart urchins and sand dollars. Echinoids are ubiquitous in benthic marine
environments, occurring at all latitudes and depths (Emlet 2002; Schultz 2015). As the most
important consumers in many shallow marine habitats, sea urchins have been recognized as
keystone species and ecosystem engineers (Lawton and Jones 1995; Lessios et al. 2001; Steneck
2013). Their abundance and trophic interactions have a strong impact on the health and stability
of communities like kelp forests (Harrold and Pearse 1987; Steneck et al. 2002), coral reefs
(Carpenter 1981; Edmunds and Carpenter 2001) and seagrass meadows (Valentine and Heck
1991), being able to trigger ecosystem-wide shifts to low diversity stable states (Hughes 1994;
Ling et al. 2015). Likewise, bioturbation associated with the feeding and burrowing activities of
infaunal echinoids has a strong impact on the structure and function of marine sedimentary
environments (Thayer 1983; Lohrer et al. 2004).
Sea urchins have a long independent evolutionary history, having diverged from their
closest relatives—the sea cucumbers (Holothuroidea)—more than 450 million years ago (Smith
1984). Crown echinoids likely originated during the Permian (Thompson et al. 2015) and
diversified through the early Mesozoic in the aftermath of the Permo-Triassic (P-T) mass
extinction (Erwin 1994; Twitchett and Oji 2005; Thompson et al. 2018). The most recognizable
feature of echinoids is their robust globular skeleton (the test), a complex structure composed of
numerous calcium carbonate plates that provides a wealth of morphological information for both
extant and extinct diversity (Kroh and Smith 2010). The resilient echinoid test also contributes to
its outstanding fossil record, comprised of more than 10,000 described species (Lambert and
Thiéry 1909-25, Kier and Lawson 1978; Kroh 2010). With an extraordinary fossil record that can
be integrated with their modern biodiversity, echinoids provide unparalleled opportunities to
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explore evolutionary processes across deep timescales. This line of research is currently limited
by topological uncertainty, however, arising both from a lack of phylogenetic signal of the data
employed, as well as conflicts between morphological and molecular evidence (Smith et al. 2006;
Kroh and Smith 2010; Thompson et al. 2017; Mongiardino Koch et al. 2018).
Early molecular phylogenies (Littlewood and Smith 1995; Smith et al. 1995; Smith et al.
2006) were received as largely confirming previous morphological results (Smith 1997). In all of
these, the cidaroids were recovered as the sister group to all other crown group echinoids
(Euechinoidea; see Fig. 1), a clade that also contained Echinacea (including model species used in
developmental research) and Irregularia (bilaterally symmetrical lineages). However, this
apparent congruence was also based on a disregard for conflicting molecular resolutions (Fig. 1)
which were deemed artifacts of poor sampling or low phylogenetic signal. On the contrary,
phylogenomics has since revealed a strong signal opposed to many of these traditional
morphological hypotheses (Mongiardino Koch et al. 2018, Lin et al. 2020).
As summarized by Kroh and Smith (2010) and Smith and Kroh (2013), this incongruence
between molecular and morphological datasets is largely concentrated in two regions of the
echinoid tree. The first of these relates to the Echinothurioida, an enigmatic clade of venomous
echinoids that inhabit almost exclusively the deep sea, and whose phylogenetic placement has
been strongly debated since their discovery (Gregory 1897). The flexible and imbricate tests of
echinothurioids, a trait otherwise found only among stem group echinoids (Kier 1977), was
interpreted as the retention of a primitive condition, supporting their placement as the sister
lineage to all other euechinoids (e.g., Smith 1984; Fig. 1). Molecular evidence, on the other hand,
placed echinothurioids in a derived position (Smith et al. 2006; Thompson et al. 2017;
Mongiardino Koch et al. 2018), nested in a clade that includes lineages with a unique dental
morphology (aspidodiadematoids, diadematoids, pedinoids and micropygoids), a clade that had
also been favored by some early systematists (Jackson 1912; Durham and Melville 1957). The
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second region of phylogenetic incongruence relates to the position of sand dollars (Scutelloida)
and sea biscuits (Clypeasteroida). Ever since the early 19th century, these two groups have been
recognized as sister clades united by numerous synapomorphies (extreme flattening and internal
reinforcement of the test, multiplication of tube feet per plate, presence of an Aristotle’s lantern in
adults; Mooi 1990a; Kroh and Smith 2010). Their origin was considered to lie in the Paleocene
within an assemblage known as “cassiduloids” that includes three extant lineages (Cassiduloida,
Echinolampadoida and Apatopygidae) and a large diversity of extinct forms (Fig. 1).
Nonetheless, all previous molecular studies have instead resolved at least one extant
“cassiduloid” as sister to the sand dollars (Littlewood and Smith 1995; Smith et al. 1995, 2006;
Nowak et al. 2013; Smith and Kroh 2013; Thompson et al. 2017; Mongiardino Koch et al. 2018).
The implications of this topology for the position of the remaining “cassiduloids” remain unclear,
as is the evolutionary history of the many morphological features that conflict with it. Resolving
these issues is indispensable for understanding the origin of the sand dollars, the most
morphologically and ecologically specialized lineage of echinoids (Mooi 1990a; Smith 2001;
Hopkins and Smith 2015). Even though these conflicts have been recognized for decades, few
attempts have been made to address them. Recent molecular studies have failed to sample the
taxa necessary to test these alternative scenarios, while supporting new arrangements that further
disagree with those based on morphology (see the position of Echinoneoida in Fig. 1), thus
increasing uncertainty among the oldest nodes of the echinoid tree of life.

The recent increase in genomic data provides a unique opportunity to explore
phylogenetic conflicts, while the development of tip-dated methods (O’Reilly and Donoghue
2015) offers novel ways to incorporate the rich paleontological record of echinoids into the
process of phylogenetic inference. Although hailed as an early test of the molecular clock (Smith
et al. 2006), estimation of echinoid divergence times has been little explored since, and there has
been no attempt to time-calibrate a phylogeny including extinct lineages. However, combining
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these two approaches is not straightforward, as tip-dating phylogenomic datasets offers many
difficulties. Here, we compile the largest phylogenomic dataset for echinoids and explore their
higher-level phylogeny by combining molecular, morphological and stratigraphic evidence. We
infer independent estimates of phylogeny from morphology and molecular data, as well as
performing a total-evidence dated (TED) analysis including representatives of most families of
crown group echinoids. In order to do so, we compile a new dataset of tip and node dates from
the literature and develop a novel pipeline to subsample loci with high phylogenetic content, low
systematic biases and enhanced clock-like behavior. Our results not only provide new insights on
the phylogeny, divergence times and evolutionary history of echinoids, but also showcase the
benefits of combining multiple sources of evidence in the process of phylogenetic inference.

4.3 METHODS
4.3.1 Molecular analyses
Matrix construction— Publicly available genomic and transcriptomic datasets were
downloaded from NCBI, EchinoDB (Janies et al. 2016) and EchinoBase (Kudtarkar and Cameron
2017). Taxonomic sampling corresponds to that of Mongiardino Koch et al. (2018), with the
addition of four spatangoid (heart urchins; Romiguier et al. 2014) and two camarodont
transcriptomes (Gaitán-Espitia et al. 2016; Clark et al. 2019). Given the presumed contamination
between the transcriptomes of Arbacia punctulata and Eucidaris tribuloides used by Mongiardino
Koch et al. (2018), these were replaced by a transcriptome of Arbacia lixula (Pérez-Portela et al.
2016) and a different transcriptomic dataset from the same cidaroid species (Reich et al. 2015).
Three holothuroid transcriptomes, representing highly divergent lineages (Miller et al. 2017),
were used as outgroups. Further details, including SRA accession numbers, can be found in Table
S1.
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Most datasets (32 out of 37) are pair-end Illumina transcriptomes, and these were all
assembled de novo. Raw reads were trimmed or excluded based on quality scores using
Trimmomatic v. 0.36 (Bolger et al. 2014) under default parameters, before being further sanitized
and assembled with the Agalma 2.0 phylogenomic workflow (Dunn et al. 2013) and Trinity 2.5.1
(Grabherr et al. 2011). The assembled transcriptomes were further processed with alien_index v.
3.0 (Ryan 2014) to remove transcripts with a likely non-metazoan origin, and CroCo v. 1.1
(Simion et al. 2018) to remove cross-contaminants product of multiplexed sequencing. The first
of these approaches relies on blasting each transcript against two alternative datasets composed of
well-curated metazoan and non-metazoan protein models (available at
http://ryanlab.whitney.ufl.edu/downloads/alien_index/). The E-values of the best hit against each
dataset are employed to compute the alien index, an indicator of foreign origin (Gladyshev et al.
2008), and sequences with a value > 45 were removed, resulting in an average removal of 0.28%
of transcripts. Transcriptomes for which we had access to all other data generated in the same
multiplexed Illumina run were then cleaned of cross-species contamination using CroCo (Figure
S1). This software relies on estimating levels of expression for transcripts across the set of
transcriptomes sequenced together. If a transcript from a given sample is found to be expressed
more than twice as much in another sample it is considered a cross-contaminant and excluded
(Simion et al. 2018). Transcripts considered over or under-expressed across samples (as defined
by default parameters), were kept. On average, this resulted in an average removal of 0.99% of
transcripts (see Table S1).
The sanitized transcriptomes were imported back into Agalma for orthology inference,
alignment and supermatrix construction following the methods described in Dunn et al. (2013)
and Guang et al. (2017). Four assembled single-end Illumina transcriptomes (also previously run
through alien_index) and one genomic protein model were also incorporated at this stage (see
Table S1). The resulting supermatrix was reduced to a 70% occupancy value, composed of 2,356
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loci (613,269 amino acids). This dataset was further curated from primary sequence errors using
HmmCleaner (Di Franco et al. 2019), which uses profile hidden Markov models to identify
segments that display a poor fit to their multiple sequence alignment. As regions with ambiguous
alignment had already been removed by Agalma using GBlocks (Talavera and Castresana 2007),
segment filtering was performed using the high-specificity parameter setting (--specificity).
Finally, gene trees were inferred as explained below, and scrutinized using TreeShrink v. 1.3.1
(Mai and Mirarab 2018) in order to filter out outlier sequences. This method detects sequences
with unexpectedly long branches given species-specific distributions of proportional reduction in
gene tree diameter after exclusion. Given the thorough sanitation already performed, we used a
reduced tolerance for false positives (-q 0.01), and capped exclusion at 3 terminals per gene, each
of which had to impact gene tree diameter by at least 25% (-k 3 -b 25). The successive
application of these two filtering procedures increased the percentage of missing data from
40.81% to 41.33% (and reduced final occupancy to 69.7%).

Phylogenetic inference— We employed diverse approaches to phylogenetic inference,
including coalescent and concatenation methods, based on both site-homogenous and siteheterogenous models. We first inferred gene trees using ParGenes v. 1.0.1 (Morel et al. 2018),
which automated model selection with ModelTest-NG (Darriba et al. 2020) and phylogenetic
inference with RAxML-NG (Kozlov et al. 2019) for each multiple sequence alignment. Support
values were estimated using 100 replicates of non-parametric bootstrapping (BS). Outlier
sequences in these gene trees were then removed with TreeShrink (see above). Model selection
and tree inference were then repeated for the 207 loci for which outliers were removed.
Coalescent-based species tree inference was then performed using ASTRAL-III (Zhang et al.
2018), estimating support using local posterior probabilities (Sayyari and Mirarab 2016).
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We also analyzed the supermatrix using two maximum likelihood (ML) concatenation
approaches implemented in IQ-TREE 1.6.3 (Nguyen et al. 2014). First, we performed inference
under the best-fitting partitioning scheme found using the fast-relaxed clustering algorithm
among the top 10% of schemes (-m MFP+MERGE -rclusterf 10; Chernomor et al. 2016;
Kalyaanamoorthy et al. 2017; Lanfear et al. 2017). Support was evaluated using 1,000 replicates
of ultrafast bootstrap (Hoang et al. 2017). We then used the topology obtained to implement the
PMSF method (Wang et al. 2018), a mixture model that accounts for heterogeneity in the process
of amino acid substitution between sites. Support values were derived from 100 replicates of BS.

4.3.2 Morphological analyses
The morphological matrix employed was assembled by Kroh and Smith (2010) and used
to build a previous classification of echinoids. The dataset was designed to sample at least one
representative of all families and subfamilies of crown group echinoids (living and extinct), and
sample characters traditionally considered diagnostic at or above this taxonomic level. The
version of the dataset used is that of Hopkins and Smith (2015), who excluded five rogue
terminals, resulting in a final tally of 164 taxa and including representatives of 89.4% of families
recognized in the World Echinoidea Database (WED; Kroh and Mooi 2019). Archaeocidaris, an
unambiguous late stem group echinoid from the Carboniferous (Kroh and Smith 2010; Thompson
et al. 2020) was used as outgroup. The matrix contains 300 characters, of which 16 were
considered ordered by the authors and were treated as such here (see also Table S2).
Nomenclature follows that of the WED (Kroh and Mooi 2019) and clades above family level
were updated to conform with Kroh (2020).
The original analysis of this dataset was performed under maximum parsimony (MP),
with the topology obtained under successive weighting determining the proposed classification
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(Kroh and Smith 2010). Here, we reanalyze this dataset under both equal and implied weights (k
= 6) parsimony using TNT v. 1.5 (Goloboff 1993; Goloboff and Catalano 2016). We used driven
tree searches with ten initial replicates subject to new technology search heuristics. Searches were
continued until minimum length was found 100 times, and TBR branch swapping was then
performed on the topologies in memory. Support was evaluated using absolute frequencies in
1,000 jackknifed replicates.
We also used MrBayes 3.2.6 (Ronquist et al. 2012) to analyze the morphological dataset
under Bayesian inference (BI). We subdivided the matrix into four partitions depending on the
number of states (two, three, four and five or more states). Partitioning by number of states has
been found to be superior to unpartitioned approaches (Gavryushkina et al. 2017), but also
increases the weights assigned to characters with more states, as these attain lower stationary
frequencies (King et al. 2017). We believe that our approach represents a balance between these
two phenomena. Rates were allowed to vary across partitions. Evolution within partitions was
modeled using Mkv + Г models (Lewis 2001), which further accommodates differences in rates
within partitions and corrects for the ascertainment bias introduced by coding only variable
characters.
Inference was performed using both uncalibrated and calibrated BI approaches, in the
latter case enforcing a morphological clock. Time-calibration was performed using a newly
gathered dataset of both tip and node dates (see Supplementary Information). Combining
constraints on both tip and node ages has been found to outperform the use of either approach
individually (O’Reilly and Donoghue 2016; Kealy and Beck 2017). We sought to identify the
most precise stratigraphic duration for all terminals, when possible down to the biozone, although
period or age levels were used when occurrences were insufficiently constrained. Tip dates were
enforced using uniform priors between the first and last occurrences of 103 fossil terminals. Node
dates were only used for monophyletic clades confirmed in previous studies and our uncalibrated
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BI and MP analyses, and were intentionally avoided for nodes relating to the position of
“cassiduloids”, Clypeasteroida, Scutelloida, Echinoneoida and Echinothurioida. Hard minimum
and soft maximum bounds were enforced using offset exponential distributions, with mean values
set to leave 5% prior probability of the nodes being older than the maxima. Paleontological and
stratigraphic justification for all dates employed can be found in the Supplementary Information.
For tip-dated BI, a uniform prior was used for the distribution of branch lengths, as more
complex approaches such as the fossilized birth-death prior (Heath et al. 2014) failed to converge
when performing TED inference. We caution that the uniform tree prior has been shown to
support unrealistically old divergence times if not combined with further constraints, such as
strong priors on clock rates or node dates (Matzke and Wright 2016), the latter of which are here
enforced. Although there are many advantages to the use of such mechanistic models, few authors
have attempted to apply them to datasets of this size, and those that did were also unable to attain
convergence (e.g., Fernández et al. 2016). An independent gamma rates model was employed
using the default prior on the variance of the distribution, and a wide prior on the clock rate
(normal distribution, mean = 0.001 and standard deviation = 0.01). For both calibrated and
uncalibrated BI, four independent runs of four Metropolis-coupled MCMC chains were continued
for 100 million generations, with sampling of every ten thousand. The initial 25% were discarded
as burn-in, and convergence and stationarity were confirmed by examining traces and posterior
distributions using Tracer v. 1.7 (Rambaut et al. 2018) and rwty (Warren et al. 2017). Estimated
sample sizes for topologies and all parameters were > 200 and the average standard deviation of
split frequencies was < 0.01.
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4.3.3 Combined analyses
Dataset merging— A TED analysis was performed by combining the morphological,
molecular and stratigraphic datasets. Given the computational burden of this approach, the
molecular dataset had to be drastically reduced. Subsampling of loci has become standard in
phylogenomic research, though this is generally performed using a single gene property such as
the rate of molecular evolution (e.g., Sharma et al. 2014), a given proxy for phylogenetic signal
(e.g., Salichos and Rokas 2013) or a potential source of systematic bias (e.g., Nesnidal et al.
2010). When multiple properties have been considered, these have usually been optimized
sequentially (e.g., Whelan et al. 2015; Smith et al. 2018). Here, we quantified seven gene
properties routinely employed for phylogenomic subsampling, including: 1) Level of saturation,
estimated as one minus the slope of the regression of patristic distances versus p-distances
(Nosenko et al. 2013); 2) Average pair-wise patristic distance; 3) Compositional heterogeneity,
measured by the relative composition frequency variability (RCFV; Nesnidal et al. 2010); 4)
Proportion of invariant sites; 5) Average BS support; 6) Gene tree error, using the RobinsonFoulds distance (Robinson and Foulds 1981) to the species tree; and 7) Clock-likeness, estimated
as the variance of root-to-tip distances. With the exception of RCFV, which was estimated using
BaCoCa v. 1.103 (Kück and Struck 2014), all other indices were calculated in the R environment
(R Core Team 2019). This relied on functions from packages adephylo (Jombart and Dray 2010),
ape (Paradis and Schliep 2018), phangorn (Schliep 2011) and phytools (Revell 2012).
We explored the pattern of correlation among these metrics using Spearman rank
correlations and principal component analysis (PCA). To better understand what determines the
structure of correlation in this dataset, we also estimated the rate of evolution of each locus using
both tree-based and tree-independent methods. The evolutionary rate of each site was estimated
using the empirical Bayes method implemented in Rate4Site (Mayrose et al. 2004). This was
achieved by first time-calibrating the partitioned ML topology using penalized likelihood
225

(Sanderson 2002), as implemented in the function ‘chronos’ of R package ape. We employed the
correlated model of substitution rate variation among branches and six of the node calibrations
defined in the Supplementary Information. The resulting chronogram can be found as Figure S2.
As an alternative proxy we used the tree-independent method TIGER (Cummins and McInerney
2011), which relies exclusively on congruence between characters. This approach is based on the
observation that partitions defined by fast-evolving characters will likely show low repeatability
and high disagreement, being mostly determined by noise, whereas slow-evolving positions are
expected to partition terminals into more similar subgroups. For both approaches, we excluded
outgroups and masked values for positions with 5 or less non-missing entries. We then averaged
estimates across sites to obtain a single value that describes the evolutionary rate of each locus.
Subsampling of loci was then performed retaining those that exhibited the highest scores
along PC 2 of the gene properties dataset. Multivariate statistical analyses revealed that this
dimension provides a means of selecting subsets of genes with increased phylogenetic signal and
clock-like behavior, reduced evidence of systematic biases and intermediate rates of evolution
(see Results). In order to assess whether this approach was selecting genes with similar biological
attributes, a gene ontology analysis was performed using InterProScan 5 (with flags --goterms -iprlookup; Jones et al. 2014). Each locus was represented by either the sequence of
Strongylocentrotus purpuratus, or a randomly chosen echinoid if the former was missing (in both
cases, enforcing a length limit of no less than 80 amino acids). Redundant gene ontology
identification numbers were merged using REVIGO (Supek et al. 2011) with a cut-off value of
0.5. Fisher’s exact test (with 10,000 replicates of Monte Carlo simulation) was employed to
assess whether the representation of gene ontology terms was similar between the entire dataset
and the 300 top-scoring genes along PC 2.
We reduced the molecular matrix to these top-scoring 300 genes (12.7% of total), and
recalculated levels of occupancy for all terminals (Fig. S3). Given that our molecular dataset
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includes 34 echinoid terminals, which represent only 21 lineages in the morphological partition,
we sampled one terminal per main lineage in order to assemble the combined dataset. When
occupancy was markedly uneven between different representatives of the same clade, we chose
the one with the highest occupancy, otherwise we selected the one considered to be most closely
related to species represented in the morphological dataset (Fig. S3). Given the overall sparse
taxon sampling of this study, as well as the fact that the morphological dataset includes only
characters diagnostic at the level of families/subfamilies or higher, the generation of composite
terminals is not expected to be problematic. We then retained 50 loci with the least amount of
missing data across the selected taxa (21 echinoids and 3 holothuroid outgroups), resulting in a
final dataset of 13,933 amino acid positions and an overall occupancy of 87.2%.

Phylogenetic inference— The 50 loci selected were combined with the morphological
dataset to build the final combined matrix. Terminals bear the name of the least inclusive clade
that contains the species sampled in the morphological, molecular, and stratigraphic datasets (see
Table S2). A TED analysis of this dataset was performed in MrBayes. The best-fit partitioning
scheme for the molecular data was determined using the greedy algorithm in PartitionFinder2
(Lanfear et al. 2017). In order to enforce correct rooting with molecular and morphological
outgroups, the nodes corresponding to Echinozoa (Echinoidea + Holothuroidea), all sampled
Echinoidea, and all echinoids except for Archaeocidaris, were constrained and given node age
priors. Further details on time calibration can be found in the Supplementary Information. The
analysis was parameterized as for the morphological analyses and run for 70 million generations,
with convergence evaluated as previously described.
The phylogenetic position of a few terminals with especially unclear affinities were
explored using RoguePlots (Klopfstein and Spasojevic 2019), and ancestral state reconstruction
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of several morphological features was performed in phytools using 1,000 replicates of stochastic
character mapping under equal rates (Bollback 2006).

4.4 RESULTS
4.4.1 Molecular phylogeny
All methods of inference recovered the same topology, with all nodes attaining maximum
support values (Fig. 2). This tree is identical to that of Mongiardino Koch et al. (2018),
confirming their higher-level phylogenetic structure with a better-curated matrix including more
than twice the number of loci. Euechinoids are subdivided into Aulodonta—including
echinothurioids, diadematoids and pedinoids—and Carinacea (sensu Kroh 2020). The monophyly
of Clypeasteroida + Scutelloida is not supported, with the only sampled “cassiduloid”
(Conolampas sigsbei) resolving as the sister group to scutelloids. While previous studies had
disagreed on the relationships among the three main clades of Echinacea, a closer relationship
between Stomopneustoida and Camarodonta is here confirmed.

4.4.2 Morphological phylogeny
MP analyses (Figs. S4-5) conflicted with molecular results in the same ways as
previously described (Figs. 1). In these, echinothurioids are the sister clade to all other
euechinoids, and the other aulodont lineages are spread across the euechinoid backbone. The
topology within Neognathostomata is highly uncertain and differs depending on method of
inference, especially regarding the position of stem neognathostomates, stem clypeasteroids and
“cassiduloids”. Echinoneoids represent the sister clade to all other crown group irregulars.
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In contrast to MP, BI produced a number of novel and strongly supported
rearrangements, the most significant of which relates to the position of echinothurioids. Neither
uncalibrated (Fig. S6) nor calibrated BI (Fig. 3) place echinothurioids as the sister group to the
remaining euechinoids. Instead, uncalibrated BI supports the monophyly of a clade consisting of
echinothurioids, diadematoids and micropygoids (plus the extinct pelanechinids), a node that
attains a posterior probability (pp) of 0.96. The implementation of a morphological clock further
results in the addition of aspidodiadematoids and pedinoids to this clade (Fig. 3), recovering a
monophyletic Aulodonta in full agreement with molecular data.
BI also provided some stability to the relationships among neognathostomates. Both
calibrated and uncalibrated approaches show strong support (pp > 0.95) for a clade containing all
clypeasteroids, scutelloids, cassiduloids and echinolampadoids, as well as several extinct close
relatives (Figs. 3 and S6). However, the monophyly of Clypeasteroida as currently defined (Kroh
2020) is not recovered. With the addition of stratigraphic information, this clade splits into two
(Fig. 3). The first contains faujasiids, clypeolampadids, echinolampadoids and cassiduloids,
lineages at some point included within Cassiduloida, but of which many were later removed in an
attempt to find natural subdivisions of the “cassiduloids”. Our results confirm that these lineages
are closely related to each other. The other subdivision contains a clade of Scutelloida + crown
Clypeasteroida (as traditionally supported by morphology; Kroh and Smith 2010) which is
subtended by plesiolampadids, conoclypids and oligopygids (Fig. 3).
Finally, both BI approaches resolve Eotiaris, Serpianotiaris and Triadotiaris,
traditionally considered as amongst the earliest members of crown group Echinoidea, along the
stem of the clade. Their novel position renders Cidaroida paraphyletic with respect to
Euechinoidea. This topology has strong consequences for the timing of origin of crown echinoids,
the dynamics of stem and crown group echinoids across the P-T mass extinction, and patterns of
morphological evolution among the earliest members of the clade (see Discussion).
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4.4.3 Subsampling of loci
The exploration of patterns of correlation between gene properties revealed several
interesting patterns. As expected, all potential sources of systematic bias (level of saturation,
compositional heterogeneity, average patristic distance and root-to-tip variance) were positively
correlated with each other (Fig. 4a). However, these were also found to be positively correlated
with the average BS of gene trees, and negatively correlated with gene tree error. Subsampling
based on these commonly-used proxies for phylogenetic signal will enrich the dataset in
problematic loci, whereas the opposite strategy, reducing the degree of systematic biases, will
enrich it in uninformative loci (Fig. 4b). Especially strong are the relationships between
phylogenetic signal and average patristic distance (ρ = 0.58 and 0.44 against average BS and gene
tree error, respectively; both P < 10-16) and root-to-tip variance (ρ = 0.30 for average BS; P < 1016

), properties that can induce topological artifacts and bias divergence times (e.g., Jarvis et al.

2014; Struck et al. 2014; Doyle et al. 2015; Kocot et al. 2017; Smith et al. 2018). It is also clear
that these alternative approaches (selecting genes with high phylogenetic signal and removing
those heavily affected by biases), which could be thought a priori as equally valid ways to
subsample phylogenomic datasets, favor sets of loci that are almost entirely non-overlapping (Fig.
4b).
As an alternative, loci subsampling can be performed while directly accounting for this
structure of correlation. We explored a way of doing so using PCA. Interestingly, the first PC axis
seems to select loci with both high levels of phylogenetic signal and systematic biases, while the
second axis maximizes signal while decreasing sources of bias (Table 1). The ways in which
subsampling along these two dimensions affect loci selection is shown in Figure 5a. Estimation of
the average evolutionary rate of loci reveals the underlying factor generating this pattern. The
first PC axis largely orders loci according to their evolutionary rate (Fig. 5b; linear regression: R2
230

= 0.65, P < 10-16), selecting loci that informative yet highly problematic. The second PC axis, in
contrast, seems to select loci with intermediate rates of evolution (Fig. 5b). These rates are
enough to produce highly supported and accurate gene trees, but not high enough to accumulate
noise (Table 1). This result holds true if a tree-independent estimate of evolutionary rate is used
(Fig. S7). Even though such methods have been criticized (Simmons and Gatesy 2016), TIGER
produces rate estimates that have a strong log-linear relationship with those of a tree-based
approach (Fig. S8; see Mongiardino Koch and Gauthier 2018).
In order to further explore the effects of subsampling along PC 2, the properties of the
300 top-scoring loci were compared to those of the full dataset (Fig. 6). Our subsampling
approach simultaneously increases phylogenetic signal, decreases all potential sources of bias,
and increases the clock-likeness of the data. It also selects loci that are longer and exhibit reduced
evolutionary rates (although also disfavoring extremely low rates, see Fig. 5b), properties that
were not included in the PCA. The significance of these effects was explored by comparing the
means and variances of all properties in the subsampled dataset with those of 10,000 randomly
selected subsets of equal size. Not only were the average values of all of these properties
significantly different to those obtained through random subsampling (all P < 10-4), the variances
were also significantly smaller (all P < 0.025). Thus, our method not only finds genes with
improved scoring along all properties, it also significantly decreases heterogeneity in the dataset,
likely reducing model misspecification (Jeffroy et al. 2006; Wang et al. 2018). There was no
evidence that selected loci shared similar biological attributes, with gene ontology terms
distributed homogenously between the 300-gene dataset and the full supermatrix (P > 0.77 for
terms relating to cellular component, molecular function and biological process).
Partitioned ML inference using the subsampled 300 genes produced a topology identical
to that of Figure 2 (Fig. S9), with all nodes attaining BS ≥ 95%, further demonstrating the utility
of the approach. After further reducing the dataset to 21 echinoids and three holothuroids (as
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explained above, see Fig. S3), and retaining the 50 loci with the lowest proportions of missing
data, the molecular matrix was combined with the stratigraphic and morphological datasets to
perform a TED analysis. Neither of these additional steps of matrix reduction (removal of taxa
and further reduction to 50 loci) modified the inferred topology (Figs. S10-S11), which remained
identical to that of Figure 2 and highly supported (all BS ≥ 89%).

4.4.4 Total-evidence phylogeny
The majority-rule consensus tree of the TED analysis (Fig. 7) also repositions all early
fossils previously assigned to the crown group along the echinoid stem. Despite this, the origin of
crown group Echinoidea is still inferred to have likely preceded the P-T mass extinction (median
age: 266.9 Ma, 95% highest posterior density, HPD: 245.1-287.3 Ma). Euechinoids are split into
Aulodonta and Carinacea, the latter composed of a monophyletic clade of Echinacea + Calycina
(also including Pseudodiadematidae and Hemicidaridae) which forms the sister group to
Irregularia. The aulodont-carinacean split also likely predated the end Permian mass extinction
(257.8 Ma, 95% HPD: 237.9-283.3 Ma), implying the survival of multiple lineages of crown
group echinoids.
The topology within Neognathostomata, and the relationship of this clade to other
members of Irregularia, dramatically differ from previous estimates. The incorporation of
molecular data disrupts the monophyly of Scutelloida + crown group Clypeasteroida supported
by morphology (Fig. 3), resolving multiple “cassiduloids” and fossil neognathostomates nested
within this clade. These are organized into two strongly supported groups (pp > 0.98). The first
includes the clade of faujasiids, clypeolampadids, echinolampadoids and cassiduloids already
found in Fig. 3, to which apatopygids and plesiolampadids are added. This clade is closely related
to the sand dollars (Fig. S12), as supported by molecular data (Fig. 2). The second group is
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composed of the extinct conoclypids and oligopygids, which represent either the sister group to
the clypeasteroids or to the remaining “cassiduloids” (Fig. S13). The divergence between
Clypeasteroida and Scutelloida (i.e., the last common ancestor of crown group
Neognathostomata) is estimated to 167.1 Ma (95% HPD: 145.0-190.7 Ma).
This restructuring further affects the backbone phylogeny of Irregularia. Echinoneoids,
placed as the sister group to all other crown group irregulars by morphology (Fig. 3), resolve
instead as the sister group of neognathostomates, in agreement with molecular data (Lin et al.
2020). This larger clade (Neognathostomata + Echinoneoida) is in turn sister to a large
monophyletic group of extinct irregulars with unclear affinities. Although many of these
(Archiaciidae, Clypeidae, Nucleolitidae and Pygaulidae) are currently classified as stem group
neognathostomates, others have been recovered along the stem (Kroh and Smith 2010) or the
crown (Barras 2007) of Atelostomata (as occurs in our morphological analyses, Figs. 3 and S4S6). Our topology therefore places atelostomates as one of the two main clades of crown group
irregulars, which are here dated to 227.9 Ma (95% HPD: 210.4-242.5 Ma).
Other taxa represented only by morphology also seem to benefit from the stability
provided by phylogenomic data, resolving in positions more consistent with their presumed
affinities. Anorthopygus orbicularis, a member of Holectypoida, only resolves as such in the TED
analysis, which alone recovers the monophyly of this order. Orthopsis miliaris, noteworthy for
displaying a mix of aulodont and echinacean attributes (Mortensen 1943; Durham and Melville
1957; Durham 1966), resolves as an aulodont with a pp of 0.79 (Fig. S14). Rotulids and
taiwanasterids shift away from the problematic positions recovered by Kroh and Smith (2010),
resolving instead in positions more concordant with previous treatments.

233

4.5 DISCUSSION
4.5.1 Phylogenomics and total-evidence dating
A comprehensive approach to phylogenetic reconstruction requires integration across the
independent lines of evidence left behind by the process of evolution (Lee and Palci 2015; Pyron
2015). Methodological advances such as TED inference provide new ways to leverage
information from distinct data sources. The recent increase in genomic and transcriptomic
resources for echinoids, coupled with their extensive fossil record and morphological complexity,
makes them an ideal clade for such synthesizing studies. We have here undertaken such an
approach, resulting in an updated estimate of the phylogenetic relationships and divergence times
for the main lineages of crown group Echinoidea.
Despite the evident benefits of genome-scale data for phylogenetic reconstruction, the
computational burden of many models of divergence-time estimation limits the size of the
datasets that can be employed. This means that most TED analyses have been unable to tap into
the vast molecular resources available in the genomic era. Loci subsampling is not only a
necessity for TED analyses, but has also become a standard phylogenomic procedure given the
presence of systematic biases in complex and heterogenous molecular datasets (Molloy and
Warnow 2018; Smith et al. 2018; Mongiardino Koch 2019). Loci have been routinely selected for
displaying either high phylogenetic signal or low systematic biases, a practice that is relatively
straightforward if there is evidence that the question addressed might suffer from issues related to
either one of these. However, it remains unclear which approach is preferable in the absence of
readily diagnosable problems, especially as they seem to favor entirely different sets of genes
(Fig. 4). Even when subsampling has been performed in a way that accounts for multiple
properties, this was normally done in a stepwise fashion whose order is hard to justify (e.g.,
Whelan et al. 2015), or employing additional properties only as tiebreakers (e.g.; Smith et al.
2018), with gene selection being largely determined by a single variable.
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Exploring the structure of correlation among multiple gene properties revealed that
phylogenetic signal is positively correlated with sources of bias (Fig. 4). This correlation imposes
a constraint: signal and noise cannot be simultaneously optimized by subsampling based on any
of these variables individually. Although this might not be of concern if the aim is to slightly
reduce dataset size, it will have strong effects under more drastic subsampling, as is required not
only for TED, but also to perform inference under the multispecies coalescent (Flouri et al. 2018)
or employ complex models of molecular evolution (Lartillot and Philippe 2004). Finding a small
number of reliable genes requires alternative strategies.
Here we developed a novel pipeline for the selection of loci that is based on a
multivariate analysis of gene properties that accounts for their correlation structure (Figs. 4-5).
This approach finds new dimensions that capture variability in both rate of evolution and
phylogenetic usefulness (Figs. 5 and S7), and outperforms others methods by simultaneously
maximizing phylogenetic signal, minimizing sources of systematic bias and favoring clocklikeness (Fig. 6). The set of selected genes supports a topology identical to that obtained with the
complete dataset, with all nodes attaining high support, even when the dataset is reduced to 2% of
its original size (Figs. S9-S11). Our method is thus an efficient way to obtain informative samples
of loci from genome-scale datasets, and especially useful for combining phylogenomic resources
with complex models of phylogenetic inference.
The most striking result of our TED analysis is the extent to which different datasets
complement each other to reduce topological conflict. An example of this is the position of
Echinothurioida, a lineage of traditionally uncertain affinities given conflicts between
morphological and molecular evidence (Kroh and Smith 2010; Mongiardino Koch et al. 2018).
However, our reanalysis of morphology in combination with stratigraphic information resolves
this clade in the same position as molecular data (Fig. 3), showing how joint inference of
topology and divergence times under a morphological clock can increase topological accuracy.
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Another example of the benefits of combined approaches is the shift in position of many lineages
that lack molecular data in our TED analysis. Previous studies have shown that molecular data
can modify the position of fossils (e.g., Wiens et al. 2010; Arcila et al. 2015), but these
topological changes cannot be corroborated with independent data sources, leading some to doubt
whether they represent improvements in phylogenetic accuracy (McMahan et al. 2015). In our
morphological analyses (Figs. 3 and S4-S6), echinoneoids are supported as the sister group to the
remaining crown group irregulars, in line with previous morphological studies (Smith 1981; Kroh
and Smith 2010). However, the incorporation of molecular data for other terminals resolves this
clade as sister to crown group neognathostomates (Fig. 7), in agreement with a recent molecular
study (Lin et al. 2020). Thus, combining different data sources serves to resolve two of the most
prominent cases of uncertainty in the higher-level phylogeny of echinoids.

4.5.2 Phylogeny of Echinoidea
A novel result of our study is the placement of a number of Permian and Triassic taxa
(Eotiaris, Serpianotiaris and Triadotiaris) as stem group echinoids. These taxa had previously
been classified as stem cidaroids, thus representing some of the earliest crown group echinoids
(Smith 1990, 2007; Smith and Hollingworth 1990; Kroh and Smith 2010). In particular, Permian
occurrences of Eotiaris have been used to constrain the age of crown group Echinoidea (Smith
and Hollingworth 1990; Smith et al. 2006; Thompson et al. 2015, 2017). However, even though
our topology excludes well-known clades of Permian to Middle Triassic fossils from the crown
group, the inferred time of origin of the clade remains in the Late Paleozoic, in line with previous
estimates (Smith et al. 2006; Nowak et al. 2013; Thompson et al. 2017). Traditionally, the P-T
extinction event was considered to have played a major role in shaping the macroevolutionary
history of echinoids, with only one or two lineages crossing the boundary (Kier 1977; Smith
1984; Smith and Hollingworth 1990; Erwin 1994; Twitchett and Oji 2005). However, recent
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work on echinoids and other echinoderm groups, suggests that this event likely had a lesser
impact on echinoderm macroevolution (Thuy et al. 2017; Reich et al. 2018; Thompson et al.
2018). Our topology and divergence times are in line with these findings, indicating that multiple
lineages of echinoids survived this event, including members of Miocidaridae, Serpianotiaridae,
Triadotiaridae and the three main clades of crown group echinoids (cidaroids, aulodonts and
carinaceans).
The novel placement of these early fossils also has important implications for
reconstructing the morphological evolution associated with the origin of the crown group. The
sustained lack of morphological innovation among cidaroids (Hopkins and Smith 2015) has
historically complicated a natural delimitation of this clade. Many early systematists allied extant
cidaroids with most or even all of the Paleozoic taxa now recognized to be stem group echinoids
(Mortensen 1928; Philip 1965; Durham 1966 and references therein). Later phylogenetic work
was crucial to disentangling true cidaroids from stem group echinoids (Jensen 1981; Smith 1981,
1984), and identifying the morphological changes associated with the origin of the crown group.
However, many of these changes no longer represent synapomorphies of crown group Echinoidea
in our topology, but are rather innovations that predate its origin. These include the presence of a
perignathic girdle (the skeletal protrusions that provide attachment sites for the support muscles
of the Aristotle’s lantern), the reduction in the number of plate columns to 20 (two per ambulacral
and interambulacral region), and the suturing of interambulacral plating (Jackson 1912; Smith
1980, 1984; Smith and Hollingworth 1990; Thompson and Ausich 2016; Thompson et al. 2019).
The loss of imbrication along the ambulacral-interambulacral suture represents the most
conspicuous synapomorphy of crown group Echinoidea as redefined here (a trait secondarily lost
among echinothurioids and other aulodonts, see Fig. S15).
The position of Echinothurioida (and thus the composition of the major euechinoid
clades) is one of the most contested issues in echinoid phylogenetics. The unique morphological
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features of echinothurioids have been interpreted as either plesiomorphic traits indicative of an
early origin, or autapomorphic conditions of a highly derived clade (Woodward 1863; Gregory
1897; Mortensen 1935, 1940; Durham and Melville 1957; Fell 1966; Smith 1981; Kroh and
Smith 2010; Mongiardino Koch et al. 2018; Kroh 2020). Our analyses are the first to place
echinothurioids in a consistent position regardless of data choice (Figs. 2, 3, 7), ending over 150
years of controversy, and confirming a basal split of euechinoids into Aulodonta and Carinacea.
The echinothurioid condition of imbricate plating (shared to some extent with other aulodonts;
Durham and Melville 1957; Fell 1966) has evolved secondarily and is not homologous with that
of Paleozoic stem group echinoids (see Fig. S15).
Another noteworthy result is the reorganization of the “cassiduloids”, a taxonomic
wastebasket and one of the most problematic clades from a phylogenetic perspective (Suter 1994;
Souto et al. 2019). The exact delineation of the group has varied through time, but traditionally
referred to a diverse assemblage of neognathosomates subtending the clade comprised of
scutelloids and extant clypeasteroids. In an attempt to establish a natural classification of these,
Kroh and Smith (2010) reclassified oligopygids, faujasiids and plesiolampadids within
Clypeasteroida, and placed echinolampadids in their own order. Some features of this
classification have since been contested (Souto et al. 2019), and are also not supported by our
analyses (Figs. 3, 7).
The classification of “cassiduloids” was further complicated by molecular studies placing
cassidulids and echinolampadids as sister group to the sand dollars (Littlewood and Smith 1995;
Smith et al. 1995, 2006; Nowak et al. 2013; Smith and Kroh 2013; Thompson et al. 2017;
Mongiardino Koch et al. 2018). Even though phylogenomics revealed strong signal for this
topology (Mongiardino Koch et al. 2018), this left the affinities of other “cassiduloids” uncertain.
The results of our TED analysis (Fig. 8) show that recognizing the close relationships of some
“cassiduloids” to sand dollars was necessary to establish a natural subdivision of the clade. Two
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lineages of “cassiduloids” are nested within the clade that contains sand dollars and sea biscuits.
One of these includes oligopygids and conoclypids, extinct lineages that share the possession of a
lantern in adults with both scutelloids and clypeasteroids, and which had been united in some
previous classifications (e.g., Durham and Melville 1957; Kier 1967; Rose 1982). The second
clade includes all extant “cassiduloids” as well as faujasiids, clypeolampadids, pliolampadids and
plesiolampadids (Fig. 8). This clade lacks the Aristotle’s lantern in adult forms (although it is
present in the juveniles of extant species; Gladfelter 1978; Ziegler et al. 2012), and agrees with
the composition of Cassiduloida by Souto et al. (2019), which is expanded by the addition of
Apatopygus and taxa not included in their analysis. We suggest these two clades should bear the
names Oligopygoida Kier, 1967 and Cassiduloida Agassiz and Desor, 1847, respectively (with
the latter subsuming Echinolampadoida Kroh and Smith, 2010). Alongside Clypeasteroida and
Scutelloida, these clades constitute the four lineages of a restructured crown group
Neognathostomata, all of which likely originated during the Cretaceous. Even though these
divergences are congruent with the deep fossil record of cassiduloids (Kier 1962; Kroh and Smith
2010), they also imply long ghost ranges for scutelloids and clypeasteroids. Despite having a high
preservation potential and being easily identified even from test fragments, these clades have no
known fossil record before the Eocene (Kier 1982; Smith 2001; Kroh and Smith 2010, Smith and
Kroh 2013). This mismatch between paleontological and phylogenetic evidence for the origins
and early history of these lineages is still difficult to reconcile.
The third clade of “cassiduloids” is distantly related to the rest, forming the extinct sister
group to echinoneoids + crown group neognathostomates (Fig. 8). This clade comprises the bulk
of Mesozoic “cassiduloid” diversity and includes most of the taxa originally assigned to
Nucleolitoida Hawkins, 1920 (clypeids, galeropygids, nucleolitids and pygaulids; Hawkins 1920),
a name we suggest resurrecting. A clade of archiaciids and claviasterids, as well as other lineages
variously classified as among the earliest fossil neognathostomates or atelostomates (Durham and
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Melville 1957; Kier 1962, 1966; Barras 2007; Kroh and Smith 2010) also appear to belong to this
clade. Surprisingly, the extant Apatopygus recens—regarded as a close relative of the Mesozoic
Nucleolites (Hawkins 1920; Mortensen 1948; Kroh and Smith 2010; Souto et al. 2019)—does not
resolve within this clade. Although the relationship between apatopygids and nucleolitids has
been previously questioned (Kier 1962, 1966; see also Smith 2001), this result requires testing
with molecular data. Regardless of this, our splitting of the “cassiduloids” implies that previous
discussion of their evolution and diversification (Kier 1966, 1974; Suter 1988; Mooi 1990b;
Souto et al. 2019) conflated processes operating on unrelated clades. It also reveals that some of
the synapomorphies thought to support a monophyletic clade composed exclusively of sand
dollars and sea biscuits, such as the presence of internal test reinforcements, are the result of
convergent evolution (Fig. S16). Recent studies show that these structures are necessary for the
stability of flat tests (Grun et al. 2018), and likely evolved independently in different flattened
lineages. Other traits, however, did originate in the last common ancestor of sand dollars and sea
biscuits, and were subsequently lost in some of its descendants (e.g., the presence of Aristotle’s
lantern in adults; Fig. S16).

4.6 CONCLUSIONS
We combine molecular, morphological and stratigraphic data for echinoids, and develop
novel methods to obtain informative subsamples of loci from phylogenomic datasets. This
approach yielded a revised phylogeny and divergence times for the main lineages of echinoids,
resolved multiple phylogenetic uncertainties, and produced compelling evidence that
amalgamating distinct data sources improves topological accuracy. Several of our results, from
the timing of origin of crown echinoids and their relationships to stem group lineages, to the
phylogeny and evolution of the sand dollars and closest allies, could not have been reached
without combining phylogenomic and paleontological evidence.
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The development of phylogenomic datasets and methods, and improvements in the way
the fossil record is incorporated in the inference procedure, are two of the most important recent
advances in the field of systematics. However, these two areas of research have developed largely
in isolation. Even though trees of extant taxa can now be inferred from thousands of loci, this
represents only the first step in building a phylogenetic framework for clades with a good fossil
record. Furthermore, the stratigraphic and morphological information provided by fossils can
strongly influence the reconstruction of ancestral states, modes of macroevolution, diversification
dynamics, divergence times and morphological topologies (Quental and Marshall 2010; Slater
and Harmon 2013; Lee and Palci 2015; Pyron 2015; Mongiardino Koch and Parry 2020 and
references therein). Integrating phylogenomics with the fossil record thus captures the
evolutionary history of clades to a degree unattainable by either individually.
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4.8 FIGURES AND TABLES

Figure 1: Summary of previous morphological (left, after Kroh and Smith 2010) and molecular
(right, after Mongiardino Koch et al. 2018 and Lin et al. 2020) hypotheses. Congruent nodes are
marked with black circles, incongruent ones with white ones. Clades whose positions determine
these conflicts are highlighted in color. Only a selection of extant lineages is shown;
“cassiduloids” are likely not monophyletic.
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Figure 2: Phylogenomic tree obtained through all three methods of inference (ASTRAL, sitehomogenous and site-heterogenous models). All nodes attained maximum support across
inference approaches (bootstrap frequencies = 100, local posterior probabilities = 1.00). Branch
lengths are those of the site-homogenous ML analysis. Labelled nodes are shown with white
circles, clades recognized at the level of order are colored.
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Figure 3: Majority-rule consensus tree of the calibrated Bayesian analysis of morphology.
Branches are colored according to the classification in the World Echinoidea Database (Kroh and
Mooi 2019), updated according to Kroh (2020). Numbers on branches represent posterior
probabilities. Squares denote nodes that were constrained and assigned age priors.
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Figure 4: Exploring the structure of correlation between gene properties and their effect on loci
subsampling. a. Correlation matrix between gene properties. The relationship between average
patristic distances and average BS support (highlighted) is expanded in b. The color and
eccentricity of ellipses represent Spearman’s rank correlation coefficients (ρ). Correlations not
marked with a cross are significant after Bonferroni correction. b. Effect of subsampling by
retaining genes with high phylogenetic signal (yellow) or discarding those more strongly affected
by biases (red). Each point represents a locus, with those colored representing the top-scoring
20% under a given subsampling scheme. Hexagons show the centroid of either the subsampled
distributions (red and yellow) or the full dataset (grey). The two alternative subsampling
approaches only share 2.5% of genes in common (orange).
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Figure 5: Alternative subsampling approaches relying on principal component analysis (PCA). a.
Subsampling by retaining high-scoring genes along PC 1 (left) and PC 2 (right). Each point
represents a locus, with those in red among the top-scoring 20% under a given subsampling
scheme. Hexagons show the centroid of the either the full (grey) or subsampled (red) datasets. b.
PC 1 strongly correlates with the rate of evolution (top), while PC 2 favors loci with intermediate
rates (bottom). Blue lines are loess regressions.
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Figure 6: Effect of subsampling loci along PC 2 of the gene properties dataset. For each variable,
the boxplot on the left represents the distribution across all 2,356 loci, while the one on the right
shows that of the top-scoring 300 loci along PC 2. Subsampling along this axis produces means
that significantly differ from those expected under random subsampling for all properties, as well
as significantly lower variances.
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Figure 7: Majority-rule consensus tree of the total-evidence dated analysis. Clades are colored as
in Fig. 3. Empty circles highlight nodes with posterior probability > 0.9, filled circles are placed
on tips with molecular data. Nodes with filled squares were constrained and assigned age priors.
The maximum clade credibility tree can be found in Fig. S12; divergence times for higher-level
clades are shown in Table S3.
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Figure 8: Phylogeny of Irregularia as supported in this study. Topology and divergence times
corresponds to the maximum clade credibility tree (Fig. S12), with the position of oligopygoids
left unresolved to highlight uncertainty. Echinoid orders whose monophyly is here confirmed are
collapsed. The composition of those modified (Cassiduloida, Clypeasteroida) or newly proposed
(Nucleolitoida, Oligopygoida) is shown.

263

Table 1: Loadings for the first two PC axes of the gene properties dataset. Percentages shown in
parentheses correspond to the variance explained by each dimension.
PC 1 (47.7%)

PC 2 (20.4%)

Saturation

0.364

-0.391

Comp. heterogeneity

0.339

-0.221

Root-to-tip variance

0.391

-0.427

Av. patristic distance

0.490

-0.143

Average BS support

0.400

0.468

Gene tree error

-0.345

-0.549

% invariant sites

-0.282

-0.275
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4.9 SUPPLEMENTARY INFORMATION
4.9.1 Time constraints on fossil tips
Abertella aberti – Period/Epoch: Miocene. Age/Stage/Subdivision: Middle to Upper Miocene.
Age: 13.53-10.79 Ma (Cooke, 1942). Formation: Choptank Formation. Precise
Biostratigraphic Range: DN6-DN7 (NN6-NN7) (Backman et al. 2012, Kidwell et al. 2015,
Powars et al. 2015).
Acrolusia gauthieri – Period/Epoch: Cretaceous. Age/Stage/Subdivision: Lower Cretaceous.
Age: 145.95-100.5 Ma (Barras 2007). Formation: "Neocomian" of Algeria.
Acropeltis aequituberculata – Period/Epoch: Jurassic. Age/Stage/Subdivision: OxfordianTithonian. Age: 160.09-145.95 Ma (Radnawska 1999, Schneider et al. 2013, Peyer et al. 2014).
Formation: Canjuers Lagerstätte; Pea Grits. Precise Biostratigraphic Range: Oxfordian
transversarium Zone up to (Sutneria platynota to Ataxioceras hypselocyclum) to M.
microacanthum Zone up to transitorius Zone (top of Jurassic) (Vasicek and Skupien 2014).
Acrosalenia spinosa – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Callovian.
Age: 169.7-164.5 Ma (Radwanska and Poirot 2010, Smith 2016). Formation: Lower occurrences
are Bajocian humphriesianum Zone up to Caillasse A in Anabacia, France. Upper Occurrence in
Britain is Cornbrash Formation, Lower Callovian (herveyi zone). Upper Occurrence in France is
anceps Zone in Callovian. Precise Biostratigraphic Range: zigzag Zone, Convergens Subzone
in France to herveyi Zone in England.
Adelopneustes montainvillensis – Notes: Widely distributed throughout the Danian.
Period/Epoch: Paleocene. Age/Stage/Subdivision: Danian. Age: 66-61.6 Ma (Smith and Jeffery
2000). Formation: See list in Smith and Jeffery (2000).
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Anorthopygus orbicularis – Notes: This taxon is widely known in the Cenomanian, thus we use
Albian-Cenomanian for its range. Period/Epoch: Cretaceous. Age/Stage/Subdivision: AlbianCenomanian. Age: 113-93.9 Ma (Smith and Wright 1999, Smith and Kroh 2011).
Antillaster lamberti – Period/Epoch: Oligocene-Miocene. Age: 23.03-5.33 Ma (Kier 1984,
Mihaljevec et al. 2010). Formation: In Venezuela, the upper part of the "couches d'Ojo de Agua"
and La Vela Formations, which are Middle and Late Miocene. In Cuba, the range of the taxon is
not constrained beyond Oligocene or Miocene, which we thus use for the range.
Archaeocidaris whatleyensis – Period/Epoch: Carboniferous. Age/Stage/Subdivision: Viséan.
Age: 346.7-330.9 Ma (Lewis and Ensom 1982, Thompson et al. 2020).
Archiacia sandalina – Notes: Known from France, Algeria, Tunisia and possibly Egypt.
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Cenomanian. Age: 100.5-93.9 Ma
(Neraudeau et al. 2017).
Asterostoma pawsoni – Period/Epoch: Eocene. Age/Stage/Subdivision: Lutetian-Bartonian.
Age: 44.4-40 Ma (Kier 1984, Donovan 1993). Formation: Eocene, Yellow Limestone Group,
Chapeltown Formation, Jamaica. Precise Biostratigraphic Range: Planktonic Zones E9 to E12
(Wade et al. 2011, Gold et al. 2018).
Astriclypeus mannii – Period/Epoch: Miocene-Recent. Age/Stage/Subdivision: Lower Miocene
to Recent. Age: 23.03-0 Ma (Nisiyama 1966). Formation: From the Miocene of the Rykuyu
Limestone.
Cardiaster granulosus – Notes: Smith and Jeffery (2000) list this as occurring throughout the
entire Maastrichtian, and in the Saratoga Chalk. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Campanian-Maastrichtian. Age: 73.27-66 Ma (Smith and Jeffery 2000).
Formation: Widely distributed in the Maastrichtian (see Smith and Jeffery 2000). In the
Campanian, from the Saratoga Chalk, Arkansas. Precise Biostratigraphic Range: For the
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Campanian occurrence (in North America) see N. hyatti, which falls between the B. eliasi and B.
jenseni ammonite zones (Kennedy and Cobban 1993 for the Campanian, N. hyatti Zone).
Claviaster libycus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: Cenomanian. Age:
100.5-93.9 (Zaghbib-Turki 1981).
Clypeolampas ovatus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: CampanianMaastrichtian. Age: 83.6-66 Ma (Smith and Jeffery 2000). Formation: Widely distributed.
Clypeus plotii – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Oxfordian. Age:
170.3-160.09 Ma (Barras 2006). Formation: Lincolnshire Limestone up to Coral Rag in Britain.
Precise Biostratigraphic Range: Lower Bajocian (discites Zone) to Middle Oxfordian (Plicatilis
Zone).
Coelopleurus equis – Notes: Widely distributed in the Eocene. Period/Epoch: Eocene.
Age/Stage/Subdivision: Lutetian-Bartonian. Age: 47.82-37.75 Ma (Carrasco and Farres 2001,
Smith and Kroh 2012, Srivastava 2012). Formation: Vic-Manlleu Marls Formation in Spain
(Bartonian). Numerous others.
Coenholectypus macropygus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: HautervianAptian. Age: 133.88-113 Ma (Benetti et al. 2013). Formation: From the Calcaires à Spatangues
Formation in France (Hauterivian). The upper limit is sometime within the Aptian. Precise
Biostratigraphic Range: Acanthodiscus radiatus Zone (France) is the earliest occurrence. The
Upper bound on the range is sometime in the Aptian.
Collyrites ellipticus – Notes: This taxon is widely distributed in Europe and India, thus we use
Bathonian-Callovian for its range. Period/Epoch: Jurassic. Age/Stage/Subdivision: BathonianCallovian. Age: 168.28-163.47 Ma (Smith and Kroh 2011). Formation: Numerous.
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Conoclypus conoideus – Notes: This taxon is widely distributed throughout the Eocene of Europe
and the circum-Mediterranean, we thus use Eocene as the age. Period/Epoch: Eocene.
Age/Stage/Subdivision: Eocene. Age: 55.84-34.23 Ma (Smith and Kroh 2011). Formation:
Numerous.
Conulus albogalerus – Notes: The oldest occurrence is British, from the Upper Coniacian. The
youngest occurrence is sometime in the Campanian, thus we use Coniacian-Campanian for the
range. Period/Epoch: Cretaceous. Age/Stage/Subdivision: Coniacian-Campanian. Age: 89.872.1 Ma (Smith and Wright 1999). Formation: Numerous occurrences across Europe and
southern Russia. Precise Biostratigraphic Range: In Britain, it ranges from the M.
cortestudinarium Zone (Coniacian) to B. mucronata Zone (Campanian). Globally the species
spans up into the Campanian, though the stratigraphic details are not well known.
Coraster villanovae – Notes: This taxon is widely distributed, and the age of any of its former
Soviet Union occurrences is not known precisely. Thus, we regard its age broadly as
Maastrichtian to Danian. Period/Epoch: Cretaceous-Paleogene. Age/Stage/Subdivision:
Maastrichtian-Danian. Age: 72.1-61.45 Ma (Gallemi et al. 1997, Smith and Jeffery 2000, Kroh
2001). Formation: In Spain, this taxon occurs in the Maastrichtian Quípar-Jorquera Formation,
for other occurrences see Smith and Jeffery (2000). Precise Biostratigraphic Range: In Spain,
the T. radiosus Zone. Elsewhere its occurrence is more broadly known as Danian-Maastrichtian.
Corystus disasteroides – Period/Epoch: Eocene-Miocene. Age/Stage/Subdivision: BartonianLanghian. Age: 40-15.1 Ma (Foster and Philip 1978). Formation: Numerous formations in
Australia and New Zealand as mentioned in Foster and Philip (1978). Precise Biostratigraphic
Range: P14 or P15 to N8 (Wade et al. 2011).
Desorella elata – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Oxfordian. Age:
170.3-160.09 Ma (Agassiz and Desor 1847, Vadet 1997, Barras 2006). Formation: Corallian
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Oolite (Plicatilis Zone) and the Bajocian of Nancy, France; Oxfordian (Plicatilis Zone) of the UK
and France. Precise Biostratigraphic Range: Bajocian (unknown horizon) to the Plicatilis Zone
(Oxfordian).
Diplocidaris gigantea – Period/Epoch: Jurassic. Age/Stage/Subdivision: Oxfordian-Tithonian.
Age: 160.09-145.95 Ma (Thierry et al. 1997, Bischof et al. 2018). Formation: In Switzerland,
from the Liesberg Member of the Bärschwil Formation and the Buix Member of the St. Ursanne
Formation. In France, the youngest occurrence is the Canjeurs Lagerstätte, Tithonian. This
species is also known from the Oxfordian of Madagascar and Kimmeridgian of Southern
Germany, and in France is also known from the “terrain à chailles” of Besançon, which is the
oldest occurrence. Precise Biostratigraphic Range: mucronatum Biozone of Canjeurs
Lagerstätte appears to be one of the younger occurrences. The youngest is from the transitorius
Zone in France (the top of the Jurassic). The oldest occurences appear to be cordatum Biozone
(from “terrain à chailles” of Besançon, France).
Diplopodia pentagona – Notes: D. pentagonum in Smith (2016). Period/Epoch: Jurassic.
Age/Stage/Subdivision: Upper Bajocian-Upper Bathonian. Age: 169.11-166.07 Ma (Smith
2016). Formation: The oldest occurrence is the Upper Bajocian Garantiana garantiana Zone of
Hadspen. The youngest occurrence is the Bradford Clay Member of the Forest Marble Formation.
Precise Biostratigraphic Range: Garantiana garantiana Zone to Discus Zone.
Disaster granulosus – Notes: Callovian (unknown layer from Poland) to Kimmeridgian
(Orthocera Zone within Mutabilis Zone). Period/Epoch: Jurassic. Age/Stage/Subdivision:
Callovian-Kimmeridgian. Age: 166.07-153.55 Ma (Jesionek-Szymanska 1963, Thierry et al.
1997, Vadet 1997, Barras 2006). Formation: Numerous occurrences in France, Switzerland, and
the UK. Precise Biostratigraphic Range: From the Middle Oxfordian, Transversarium Zone
(Oxfordian) and Orthocera Zone (Kimmeridgian) of France, the Lamberti Zone (Callovian) of the

269

UK, the Jason Zone and Athleta Zone (Callovian) of France, Callovian of Poland, and eudoxus
Zone of France. We used the top of the eudoxus Zone as youngest occurrence (Enay et al. 2014).
Discoides subuculus – Notes: We use above M. inflatum as equivalent to the S. dispar Zone, as
has historically been the case when the ranges of these taxa were published. Period/Epoch:
Cretaceous. Age/Stage/Subdivision: Albian-Cenomanian. Age: 103.13-94.15 Ma (Smith and
Wright 1999). Formation: In England, the oldest occurrence is the White Norht of Dorset (S.
dispar Zone) and the youngest occurrence is lower part of the Ballard Cliff Member, N. juddi
Zone. Precise Biostratigraphic Range: S. dispar Zone (Albian) to N. juddi Zone (Cenomanian)
(Gale et al. 1993, 2011).
Echinocorys scutata – Notes: Upper Limit is not well constrained, thus we use "Upper
Paleocene". Period/Epoch: Cretaceous-Paleocene. Age/Stage/Subdivision: Turonian-Paleocene.
Age: 93.9-56 Ma (Smith and Wright 2003). Formation: Numerous formations globally; see
Smith and Wright (2003) and Smith and Jeffery (2000) for details. Precise Biostratigraphic
Range: T. lata Zone (Turonian) to Upper Paleocene.
Echinoneus cyclostomus – Age/Stage/Subdivision: Early Pliocene-Recent. Age: 5.33-0 Ma
(Madeira et al. 2011, Ali 1985). Formation: Recent.
Emiratia raskhaimahensis – Notes: We use the Oman/UAE material to constrain the age of this
taxon. Period/Epoch: Cretaceous. Age/Stage/Subdivision: Upper Albian-Lower Cenomanian.
Age: 107.59-93.98 Ma (Ali 1990, Vadet and Soudet 2016, Jagt et al. 2018). Formation: Known
from the Mauddud Formation (Cenomanian, UAE), Dhalqut Formation, Khadrafi member
(Cenomanian) and Umbaraaf Member (Albian) of Oman, Late Albian-early Cenomanian,
Cretaceous, Samah, Socotra, Indian Ocean (van Buchem et al. 2011).
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Eoscutella coosensis – Period/Epoch: Eocene. Age/Stage/Subdivision: Lutetian-Priabonian.
Age: 43.6-35.7 Ma (Durham 1955). Formation: Coaledo Formation. Precise Biostratigraphic
Range: P12-P15 (Prothero and Donohoo 2001).
Eotiaris verneuiliana – Notes: This taxon has been synonymized with E. keyserlingi.
Period/Epoch: Permian. Age/Stage/Subdivision: Wuchiapingian. Age: 259.8-254.2 Ma
(Thompson et al. 2015). Formation: Zechstein Formation of England, Germany and Poland.
Precise Biostratigraphic Range: Millerina divergens Zone, which is in the Wuchiapingian
(Swift 1986).
Faujasia apicalis – Period/Epoch: Cretaceous. Age/Stage/Subdivision: Maastrichtian. Age:
68.08-66 Ma (Jagt 2000, Smith and Jeffery 2000). Formation: Maastricht Formation. Precise
Biostratigraphic Range: B. junior and B. kazimiroviensis Zones, thus Late Maastrichtian.
Fellaster zelandiae – Period/Epoch: Pliocene-Recent. Age: 5.33-0 Ma (Fell 1953, Durham 1955,
Foster and Philip 1980).
Fossulaster halli – Period/Epoch: Oligocene-Miocene. Age/Stage/Subdivision: RupelianBurdigalian. Age: 30.3-17.62 Ma (Philip and Foster 1971). Formation: Gambier Limestone and
Port Vincent Limestone. Precise Biostratigraphic Range: P20 to N7 (Li et al. 1996, 2000, Wade
et al. 2011).
Galerites vulgaris – Period/Epoch: Cretaceous. Age/Stage/Subdivision: CampanianMaastrichtian. Age: 80.67-68.08 Ma (Gallemi et al. 1997, Smith and Jeffery 2000, Reich et al.
2004, Schluter and Weise 2010). Formation: In Rugen, this taxon occurs in the Rugen Chalk
(sumensis, cimbrica and fastigata zones) in Norfolk England. In Germany, it occurs in the
Kronsmoor and Hemmoor formations, in the B. lanceolata Zones. In Spain, it is known from the
T. radiosus Zone. In the German (non-rugen) Campanian, it occurrs in the B. maclearni Zone.
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Precise Biostratigraphic Range: B. maclearni Zone (Campanian) to Early Maastrichtian
(Walaszczyk et al. 2008).
Galeropygus sublaevis – Notes: Quenstedt (1852) reported this species from the Bathonian of
Switzerland, but the stratigraphic details surrounding this occurrence are vague, thus the British
range is used. Period/Epoch: Jurassic. Age/Stage/Subdivision: Toarcian-Bajocian. Age: 174.97168.28 Ma (Barras 2006). Formation: Denby Dale, West Yorkshire, UK (laevesquei Zone) and
Gloucestershire (parkinsoni Zone). Precise Biostratigraphic Range: laevesquei Zone (Toarcian)
to parkinsoni Zone (Bajocian).
Gauthieria radiata – Notes: We used the base of the Turonian for the M. labiatus zone, which is
Lower Turonian. The middle Santonian was used for M. coranguinum Zone. Period/Epoch:
Cretaceous. Age/Stage/Subdivision: Turonian-Santonian. Age: 93.9-85.56 Ma (Smith and
Wright 1996, Schluter et al. 2016). Formation: Many, listed in among others, Smith and Wright
(1996) and Schluter et al. (2016). Precise Biostratigraphic Range: M. labiatus (Turonian) to M.
coranguinum (Santonian) Zones.
Glyphocyphus radiatus – Notes: We used the base of the Late Turonian for the S. plana Zone.
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Albian-Turonian. Age: 103.13-91.41 Ma
(Smith and Wright 1993). Formation: In Britain, the oldest occurrence is from S. dispar zone of
Lyme Regis and other localities in Dorset. The youngest occurrence is from the S. plana Zone of
the Isle of Wight (Late Turonian). Precise Biostratigraphic Range: The oldest (Albian)
occurrence is from the S. dispar Zone. The youngest is from the Sternotaxis plana Zone
(Turonian).
Glypticus hieroglyphicus – Notes: Given the known occurrences of this taxon in Britain, Poland,
and Switzerland, we use the Middle and Upper Jurassic for the range. Period/Epoch: Jurassic.
Age/Stage/Subdivision: Middle-Late Oxfordian. Age: 174.1-145 Ma (Radwanska 2014, Smith
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2016). Formation: In Britain, from the Coralline Oolite Formation, Coral Rag Member. In
Switzerland, from the Buix Member and Chestel Member of St-Ursanne Formation. In Poland, it
is found in the Latest Oxfordian of Bukowa Quarry (uppermost Oxfordian used as the
Bimammatum Zone). Precise Biostratigraphic Range: From the Tenuiserratum Zone in Britain.
From the Plicatilis to Transversarium Zones in Switzerland. From the Bimammatum zone in
Poland.
Glyptocidaris crenularis – Period/Epoch: Pliocene to Recent. Age/Stage/Subdivision: Pliocene
to Recent. Age: 5.33-0 Ma (Nisiyama 1966). Formation: The oldest occurrence is the Kurotaki
Formation, Lower Pliocene.
Glyptodiadema granulatum – Period/Epoch: Jurassic. Age/Stage/Subdivision: Pliensbachian.
Age: 185.31-182.7 Ma (Smith 2016). Formation: "Transition Zone" of Marlstone Rock
Formation, Upper Pliensbachian Spinatum Zone. Precise Biostratigraphic Range: Spinatum
Zone (we used the base of the algovianum zone).
Goniocidaris tubaria – Period/Epoch: Pliocene to Recent. Age/Stage/Subdivision: Middle
Pliocene-Recent. Age: 3.6-0 Ma (Philip 1964). Formation: Hallett Cove Sandstone, Middle
Pliocene.
Goniophorus lunulatus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: AlbianCenomanian. Age: 103.13-93.98 Ma (Smith and Wright 1990). Formation: In Britain, it is
known from the S. dispar Zone of Durdle Cove and Punfield, and the Lower Cenomanian Rye
Hill Sands and Wilmington Sands. Precise Biostratigraphic Range: S. dispar Zone (Albian) to
M. dixoni Zone (Cenomanian) (Gale et al. 2011).
Haimea rutteni – Period/Epoch: Eocene. Age/Stage/Subdivision: Late Eocene. Age: 37.7534.23 Ma (Kier 1967). Formation: Late Eocene, Bonaire: SW of Seroe Montagne and Punta
Blanco.
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Hemiaster bufo – Notes: This taxon is widely distributed in the Cenomanian of Europe and North
Africa. Period/Epoch: Cretaceous. Age/Stage/Subdivision: Cenomanian. Age: 100.5-93.9 Ma
(Neraudeau 1994). Formation: Numerous.
Hemicidaris intermedia – Period/Epoch: Jurassic. Age/Stage/Subdivision: Callovian-Lower
Kimmeridgian. Age: 163.97-153.55 Ma (Thierry et al. 1997, Smith, 2016). Formation: From the
Coral Rag Member of the Coralline Oolite Formation, Middle Oxfordian, the Kimmeridge Clay
Formation, Lower Kimmeridgian, and the Brora Sandstone Formation, Lower Oxfordian. In
France, it ranges from the athleta Zone of the Callovian to the mutabilis Zone of the
Kimmeridgian. We use the top of eudoxus Zone for youngest occurrence. Precise
Biostratigraphic Range: Tenuiserratum Zone, Lower Oxfordian Zone, Kimmeridge Clay Zone.
Hemipneustes striatoradiatus – Notes: This species was widely distributed during the
Maastrichtian (see Smith and Jeffery 2000). Due to uncertainty in its first and last occurrences,
we use the entire Maastrichtian for its age range. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Mastrichtian. Age: 72.1-66 Ma (Smith and Jeffery 2000). Formation:
Numerous formations across Europe and the former USSR (Smith and Jeffery 2000).
Heterodiadema lybica – Period/Epoch: Cretaceous. Age/Stage/Subdivision: AptianCenomanian. Age: 126.3-93.9 Ma (Abdelhamid et al. 2016). Formation: See Abdelhamid et al.
(2016) for a thorough list of occurrences of this species.
Holaster nodulosus – Notes: We used the top of the Cenomanian for the upper bound.
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Albian-Cenomanian. Age: 103.13-93.9 Ma
(Smith and Wright 2003). Formation: In the UK, its oldest occurrence is Upper Greensand and
the youngest occurrence is from the Whitlands, Devon. Precise Biostratigraphic Range: S.
dispar Zone (Albian) to C. guerangeri Zone (Cenomanian) (Gale et al. 2011).
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Holectypus depressus – Notes: There are other occurrences of this taxon in the Oxfordian of
France, but with less stratigraphic resolution. We thus used those that are known precisely.
Period/Epoch: Jurassic. Age/Stage/Subdivision: Aalenian-Oxfordian. Age: 172.13-160.09 Ma
(Barras 2006). Formation: From the Pea Grit (oldest occurrence) to the Coralline Oolite
(youngest occurrence). Precise Biostratigraphic Range: murchisonae Zone to Plicatilis Zone.
Holosalenia batnensis – Notes: This taxon is widely known from the Cenomanian of North
Africa, the Middle East, and Southern Europe. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Cenomanian. Age: 100.5-93.9 Ma (El Qot et al. 2016). Formation:
Numerous.
Hyboclypus gibberulus – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Oxfordian.
Age: 168.69-160.09 Ma (Agassiz and Desor 1847, Vadet, 1997, Barras, 2006, Courville 2011a).
Formation: From the parkinsoni Zone of Burton Bradstock, Dorset, UK. In France, this taxon
occurs in the Plicatilis subzone (Oxfordian) of the Ardennes. It is also reported from the Jura
(Agassiz and Desor 1847) with poor age constraint. Precise Biostratigraphic Range: parkinsoni
Zone (Bajocian) to Vertebrale or Plicatilis Zones (Oxfordian). In France, up to cordatum Zone in
the Oxfordian, and from HO Zone of Bathonian.
Hyposalenia stellulata – Period/Epoch: Cretaceous. Age/Stage/Subdivision: BerriasianBarremian. Age: 141.93-130.37 Ma (Clavel 1989, Benetti et al. 2013). Formation: Calcaires à
Spatangues Formation. Precise Biostratigraphic Range: Boissieri Zone (Berriasian) to Hugii
Zone (Barremian).
Macropneustes mortoni – Period/Epoch: Eocene-Oligocene. Age/Stage/Subdivision: BartonianRupelian. Age: 41.2-28.1 Ma (Cooke 1942, Carter and Hammack 1989, Heller and Bryan 1992,
Oyen and Portell 2001, Osborn et al. 2016). Formation: From the Ocala Limestone of Florida,
the Jackson Limestone of Alabama, and the Florala Limestone. Precise Biostratigraphic Range:
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The youngest occurrence is the Florala Limestone, which is Rupelian in age. The oldest
occurrences are from the Ocala Limestone and Jackson Limestone (Middle and Upper Members),
which are Bartonian and Priabonian (Bryan and Huddlestun, 1991, Mancini and Tew 1991,
Cotton et al. 2018).
Maretia planulata – Period/Epoch: Pliocene-Recent. Age/Stage/Subdivision: Early PlioceneRecent. Age: 5.33-0 Ma (Kroh 2007). Formation: From the Early Pliocene of Wadi Abu Abraiki,
Western Egypt.
Megapneustes grandis – Period/Epoch: Eocene. Age/Stage/Subdivision: Ypresian. Age: 53.553 (Carter and Hamza 1994). Formation: Lower Libyan of Egypt. Precise Biostratigraphic
Range: SBZ zones 9 and 10 (Scheibner et al. 2001, Ozcan et al. 2014, Papazzoni et al. 2017).
Micraster coranguinum – Period/Epoch: Cretaceous. Age/Stage/Subdivision: ConiacianCampanian. Age: 86.26-76.94 Ma (Smith and Wright 2012). Formation: Numerous formations
from throughout Europe and Central Asia. Precise Biostratigraphic Range: The oldest
occurrence is Late Coniacian, the youngest occurrence is the G. quadrata Zone (Campanian).
Monophoraster darwini – Notes: There is stratigraphic uncertainty in the rage of occurrences of
this taxon (Mooi et al. 2016), thus we use broadly the Miocene for this range of this taxon.
Period/Epoch: Miocene. Age/Stage/Subdivision: Miocene. Age: 23.03-5.33 (Mooi et al. 2000,
Mooi et al. 2016).
Neolaganum durhami – Notes: Given uncertainty in the stage to which the Crystal River Member
belongs, we assign the range Priabonian-Bartonian. Period/Epoch: Eocene.
Age/Stage/Subdivision: Priabonian or Bartonian. Age: 41.2-33.9 Ma (Oyen and Portell 2001,
Osborn et al. 2016). Formation: Ocala Limestone, Crystal River Member (Upper Member)
(Cotton et al. 2018).
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Nucleolites scutatus – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Kimmeridgian.
Age: 169.11-154.84 Ma (Thierry et al. 1997, Barras 2006). Formation: From the Garantiana
garantiana Zone of Andoversford, Gloucestershire to the cymodoce Zone of Abbotsbury, Dorset,
UK. In France, from the TR to PL Zone of the Oxfordian. Precise Biostratigraphic Range:
Garantiana garantiana Zone (Bajocian) to cymodoce Zone (Kimmeridgian). We used the
dividum Zone as the youngest occurrence.
Oligopygus haldemani – Notes: Given uncertainty in the stage to which the Crystal River
Member belongs, we assign the range Priabonian-Bartonian. Period/Epoch: Eocene.
Age/Stage/Subdivision: Priabonian or Bartonian. Age: 41.2-33.9 Ma (Kier 1967). Formation:
Crystal River Formation (Upper Ocala Limestone) (Cotton et al. 2018).
Orthopsis miliaris – Notes: This taxon has a wide geographical and stratigraphical range. The
oldest recorded occurrence found is Albain, while the youngest is Maastrichtian. Period/Epoch:
Cretaceous. Age/Stage/Subdivision: Late Albian-Maastrichtian. Age: 107.59-66 Ma (Smith and
Bengston 1991, Smith and Jeffery 2000, Jagt et al. 2018). Formation: Numerous formations
globally. The oldest we found was the Umbaraaf Member (Albian) of Oman and the Albian of
Brazil. There are numerous Maastrichtian occurrences (Smith and Jeffery 2000).
Ovulaster protodecimae – Period/Epoch: Danian. Age/Stage/Subdivision: Danian. Age: 65.9561.45 Ma (Giusberti et al. 2005). Formation: Scaglia Rossa Formation. Precise
Biostratigraphic Range: From the "Lowermost part of the NP1 Zone of Martini, 1971 within the
acme of Braarudosphaera" (Giusberti et al. 2005).
Pelanechinus corallinus – Period/Epoch: Jurassic. Age/Stage/Subdivision: Oxfordian. Age:
160.84-160.09 Ma (Smith 2015). Formation: From the Middle Oxfordian Coralline Oolite
Formation and Coral Rag Member of Coralline Oolite Formation. Precise Biostratigraphic
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Range: Middle Oxfordian Coralline Oolite Formation and Coral Rag Member of Coralline Oolite
Formation, Middle Oxfordian Tenuiserratum Zone, Plicatilis Subzone.
Periaster elatus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: Cenomanian. Age: 100.593.9 Ma (Neraudeau et al. 2001). Precise Biostratigraphic Range: Early Cenomanian to
Naviculare Zone (Upper Cenomanian).
Pericosmus latus – Notes: Widely known from the Miocene of the circum-Mediterranean.
Period/Epoch: Miocene. Age/Stage/Subdivision: Aquitanian-Messinian. Age: 23.03-5.33 Ma
(Kroh 2007). Formation: Numerous occurrences around the circum-Mediterranean.
Phymosoma koenigi – Notes: This taxon is widely distributed in the Turonian-Campanian of
Europe. Period/Epoch: Turonian-Campanian. Age/Stage/Subdivision: Turonian-Campanian.
Age: 93.9-72.05 Ma (Smith and Kroh 2011). Formation: Numerous.
Plesiaster peini – Notes: This taxon is widely distributed in the Santonian-Campanian of North
Africa. Period/Epoch: Santonian-Campanian. Age/Stage/Subdivision: Santonian-Campanian.
Age: 86.26-72.05 (Smith and Kroh 2011). Formation: Numerous.
Plesiolampas placenta – Period/Epoch: Eocene. Age/Stage/Subdivision: Ypresian. Age: 5654.5 Ma (Smith and Jeffery 2000, Srivastava 2012). Formation: From the Ranikot Limestone,
Pakistan (Lakhra Formation), and Dhak Pass and Majuchh nullah within the Khtrabad Limestone,
Pakistan. Precise Biostratigraphic Range: SBZ Zone 5 (Wade et al. 2011, Merle et al. 2014).
Pliolampas vassalli – Notes: Breynella vassalli is subjective junior synonym. Period/Epoch:
Oligocene. Age/Stage/Subdivision: Chattian. Age: 28.1-23 Ma (Wigglesworth 1964).
Formation: Lower Globogerina Limestone, Malta. Precise Biostratigraphic Range: Chattian
(most specific) within P21 and P22 (Wigglesworth 1964, Wade et al. 2011, Foresi et al. 2014).

278

Polycidaris suevica – Notes: Desor says this taxon is from the "Agrovien" Du Wurtemburg.
Given the unknown range in Germany, the Polish range is used. Period/Epoch: Jurassic.
Age/Stage/Subdivision: Oxfordian. Age: 160.84-160.09 Ma (Radwanska 2003). Formation: In
Poland, at Zalas and at Ogrodzieniec. Precise Biostratigraphic Range: At Zalas and at
Ogrodzienie, this taxon occurs from the Cardioceras tenuicostatum Subzone of the Perisphinctes
plicatilis Zone.
Polydiadema mamillanum – Period/Epoch: Jurassic. Age/Stage/Subdivision: Upper BathonianLower Kimmeridgian. Age: 166.24-154.84 Ma (Smith 2016). Formation: In Britain, the
stratigraphically oldest record is from the Cornbrash Formation, Upper Bathonian Discuss or
Lower Callovian Herveyi Zone. The youngest occurrence is the basal part of the Kimmeridge
Clay Formation, Lower Kimmeridgian Baylei Zone. In France it is known from the Lower
Kimmeridgian Cymodoce Zone reefal deposits. Precise Biostratigraphic Range: Discus Zone to
Cymodoce Zone. We used the dividum zone as the youngest occurrence.
Prenaster alpinus – Notes: Widely distributed around the Mediterranean in the Eocene.
Period/Epoch: Eocene. Age/Stage/Subdivision: Early-Middle Eocene. Age: 55.84-33.9 Ma
(Kroh and Wagreich 2007).
Protoscutella plana – Period/Epoch: Eocene. Age/Stage/Subdivision: Bartonian. Age: 41.237.8 Ma (Osborn et al. 2013). Formation: Santee Limestone. Precise Biostratigraphic Range:
NP16 and NP17 (within the Bartonian).
Pseudholaster bicarinatus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: AlbianCenomanian. Age: 103.94-99.81 Ma (Smith and Wright 2003). Formation: Upper Greensand,
Albian. Precise Biostratigraphic Range: From the M. inflatum and S. dispar Zones up to the M.
couloni Horizon, N. carcitanense Zone (Mantelliceras mantelli) (Gale et al. 2011).
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Pseudodiadema pseudodiadema – Period/Epoch: Jurassic. Age/Stage/Subdivision: Middle
Oxfordian-Kimmeridgian. Age: 160.84-154.84 Ma (Smith 2016). Formation: It is from the
Coralline Oolite Formation in the UK. In France it occurs from the Pl Zone of the Oxfordian to
the cymodoce Zone of the Kimmeridgian. Precise Biostratigraphic Range: From the Plicatilis
Zone and Tenuiserratum Zone of the Oxfordian to the cymodoce Zone of the Kimmeridgian. We
used the dividum zone as the youngest occurrence.
Pseudosalenia aspera – Period/Epoch: Jurassic. Age/Stage/Subdivision: Oxfordian-Tithonian.
Age: 160.84-145.95 Ma (Wannier and Panchaud 1977, Thierry et al. 1997, Peyer et al. 2014).
Formation: From the Canjeurs Lagerstätte, France, and the Buix Member, St Ursanne Formation,
Switzerland. There are numerous others in France. Precise Biostratigraphic Range: In France,
from the Lower Tithonian, Mucronatum Zone (Canjeaurs). In Switzerland, from the Plicatilis to
the Transversarium Zone. Also in Switzerland (near Porrentury) from the Marens a Pteroceres,
which is the Cymodoce Zone. In France generally (Thierry et al. 1997) it is known from the
Plicatilis Zone to the top of the Tithonian.
Pygaster semisulcatus – Notes: We used Bajocian to Kimmeridgian. Period/Epoch: Jurassic.
Age/Stage/Subdivision: Bajocian-Kimmeridgian. Age: 170.3-152.1 Ma (Barras 2006).
Formation: Numerous occurrences across Britain and France.
Pygaulus desmoulinsii – Period/Epoch: Cretaceous. Age/Stage/Subdivision: Barremian-Aptian.
Age: 128.63-123.88 Ma (Agassiz and Desor 1847, Masse and Humbert 1976). Formation:
Agassiz and Desor's (1847) material is from the locality Orgon, which is in the G. sartousia Zone
of the Orgon limestone at Orgon. Other material is from the Bedoulian (Deshayesites oglanlensis
to the middle part of the Deshayesites deshayesi zone in the Aptian). Precise Biostratigraphic
Range: From the G. sartousia Zone to the middle part of the Deshayesites deshayesi zone (Masse
and Fenerci-Masse 2013).
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Pygorhytis ringens – Period/Epoch: Jurassic. Age/Stage/Subdivision: Bajocian-Callovian. Age:
169.11-163.47 Ma (Jesionek-Szymanska 1963, Barras 2006). Formation: From the Inferior
Oolite of Dorset at Burton Bradstock (garantiana Zone) in the UK. In Poland, the
stratigraphically highest occurrence is at the quarries at Ogrcdziendec (Quenstedtoceras lamberti
Zone). In France, it ranges from the GA Zone (Bajocian) to CO Zone (Callovian). Precise
Biostratigraphic Range: From the garantiana Zone (Bajocian) to the Quenstedtoceras lamberti
Zone.
Rhabdocidaris orbignyana – Period/Epoch: Jurassic. Age/Stage/Subdivision: OxfordianTithonian. Age: 160.09-145.95 Ma (Desor 1855-1858, Radwanska 1999). Formation: In Poland,
it is from the Upper Oolite formation, Skorkow Lumachelle, Upper Platy Limestone, Stanawice
Lumecelle, Oolite-Platy Member. In France, it is from the Kimmeridgian of La Rochelle,
Villerville, Montfaucon, and Lavoncourt. In Switzerland, it is from Porrentruy (pterocerian
limestones). Also in France, it is from the transversarium Zone (Oxordian) to transitorious Zone
(Tithonian). Precise Biostratigraphic Range: In Poland, from the Ataxioceras hypselocyclum
and Katroliceras divisum Zones. At La Rocelle, from the Cymodoce Zone. At Villerville, from
the Baylei to Cymodoce Zones. At Porrentruy, from the Cymodoce Zone. At Lavoncourt, from
the Acanthicum, divisum and mutabilis zones (Gallois 2005, Vullo et al. 2009, Enay et al. 2014,
Leuzinger et al. 2015).
Roseicidaris morieri – Period/Epoch: Jurassic. Age/Stage/Subdivision: Toarcian. Age: 182.7181.7 Ma (Vadet 1991, Thierry et al. 1997). Formation: From the Lower Toarcian at Calvados,
France. Precise Biostratigraphic Range: Tenuicostatum Zone (Toarcian) (Weis et al. 2018).
Salenia petalifera – Notes: This taxon is widely distributed in the Cenomanian of Europe.
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Cenomanian. Age: 100.5-93.9 Ma (Smith
and Wright 1990). Formation: Numerous.
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Scutaster andersoni – Notes: Mooi (1989) gives a wider stratigraphic range, but attributes this to
a personal communication. Furthermore, the age of the San Ramon Sandstone is debated in the
literature. Thus, we use an Oligocene to Early Miocene age for our analyses. Period/Epoch:
Oligocene-Miocene. Age/Stage/Subdivision: Oligocene-Early Miocene. Age: 33.9-15.97 Ma
(Durham 1955). Formation: Durham (1955) lists formation as "San Ramon" Formation, based
upon matrix attached to the type. Thus, San Ramon Sandstone is the age we use.
Scutella subrotunda – Period/Epoch: Oligocene. Age/Stage/Subdivision: Chattian. Age: 28.1-23
Ma (Durham 1953). Formation: Globogerina Limestone, Malta. Precise Biostratigraphic
Range: Chattian (most specific) within P21 and P22 (Foresi et al. 2014).
Scutellina lenticularis – Notes: Numerous occurrences in the Eocene of Europe and Africa.
Period/Epoch: Eocene. Age/Stage/Subdivision: Middle Eocene. Age: 47.82-37.75 Ma (Mooi
1989). Formation: Numerous.
Scutellinoides patella – Period/Epoch: Miocene. Age/Stage/Subdivision: Early-Middle
Miocene. Age: 16.4-14.23 Ma (Durham 1955). Formation: Morgan Subgroup, Australia. Precise
Biostratigraphic Range: M5a-M6 (Gallagher and Gourley, 2007; Wade et al. 2011).
Serpianotiaris coaeva – Period/Epoch: Triassic. Age/Stage/Subdivision: Anisian-Ladinian.
Age: 247.1-237 Ma (Hagdorn 1995). Formation: Muschelkalk.
Somaliaster magniventer – Notes: We used Campanian-Maastrichtian for the range.
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Campanian or Maastrichtian. Age: 83.6-66
Ma (Jeffery 1999). Formation: From Jeffery (1999): "Campanian or Maastrichtian of Louristan,
Iran (Cotteau and Gauthier 1895, Joysey 1954) and former British (Hawkins 1935) and Italian
(Maccagno 1941) Somaliland".
Spatangus purpureus – Notes: Neraudeau et al. (2001) mention Spatangus purpureus from the
Miocene of the Mediterranean, but recently Stara et al. (2018) showed that these Miocene fossils
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belong to a different genus. Period/Epoch: Pliocene-Recent. Age/Stage/Subdivision: PlioceneRecent. Age: 5.33-0 Ma (Neraudeau et al. 1998). Formation: Early, Middle-Late Pliocene of
Italy.
Stegaster gillieroni – Notes: The stratigraphic range of this taxon is not well constrained other
than Upper Cretaceous. Period/Epoch: Cretaceous. Age/Stage/Subdivision: Senonian, Upper
Cretaceous. Potentially Maastrichtian according to Giusberti et al. (2005). Age: 100.5-66 Ma
(Smith and Kroh 2011).
Stenonaster tuberculata – Notes: This taxon is known from the Scaglia Rossa Beds of Italy,
though it's precise occurrence stratigraphically within those beds is not well-constrained. The
occurrence of these beds ranges from Turonian-Maastrichtian (and even younger).
Period/Epoch: Cretaceous. Age/Stage/Subdivision: Turonian-Maastrichtian. Age: 93.9-66 Ma
(Kroh et al. 2018). Formation: Scaglia Rossa Beds (Hu et al. 2005).
Sternotaxis plana – Notes: This taxon is widely distributed in the upper Turonian, making
assessment of its upper range difficult. We thus used the top of the Turonian as the youngest
occurrence and the bottom as its youngest occurrence. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Turonian. Age: 93.9-89.8 (Smith and Wright 2003). Precise
Biostratigraphic Range: In Britain, T. Lata Zone (Turnian) to S. plana Zone. The upper bound
used is the top of the Turonian.
Stigmatopygus pulchellus – Notes: The range used is Maastrichtian. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Maastrichtian. Age: 72.1-66 Ma (Smith et al. 1995, Smith and Jeffery
2000). Precise Biostratigraphic Range: A. fresvillensis Zone, from the middle Maastrichtian
(Smith et al. 1995).
Stomechinus bigranularis – Period/Epoch: Jurassic. Age/Stage/Subdivision: Upper BajocianLower Bathonian. Age: 168.69-167.82 Ma (Smith 2016). Formation: Uppermost Bajocian and
283

lowermost Bathonian of Dorset. Precise Biostratigraphic Range: Parkinsoni Zone to Zigzag
Zone.
Tithonia convexa – Period/Epoch: Jurassic. Age/Stage/Subdivision: Tithonian. Age: 152.06145.95 Ma (Thierry et al. 1997, Gaillard et al. 2011). Formation: From the Tithonian of Italy,
France, and North Africa. Also throughout the entire Tithonian in France.
Toxaster retusus – Notes: We base the range on French occurrences. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Hautervian. Age: 133.9-130.8 Ma (Clavel, 1989, Francois et al. 2003,
Benetti et al. 2013). Formation: Calcaires à Spatangues; Formations from the Jura. Precise
Biostratigraphic Range: From the radiatus Zone to the top of the Hautervian.
Triadotiaris grandaevus – Period/Epoch: Triassic. Age/Stage/Subdivision: Anisian-Ladinian.
Age: 247.1-237 Ma (Hagdorn 1995). Formation: Muschelkalk.
Typocidaris malum – Notes: In Smith and Wright (1989) as Temnocidaris (Stereocidaris) malum.
The base of the Hautervian is used for the oldest occurrence. Period/Epoch: Cretaceous.
Age/Stage/Subdivision: Hautervian-Aptian. Age: 133.9-116.83 (Clavel 1989, Smith and Wright
1989, Masrour et al. 2004, Fouquet et al. 2018). Precise Biostratigraphic Range: From the P.
nutfieldensis Zone, Upper Aptian in England, the Cruasense to Angulicostata Zone (Hautervian)
of France and the Barremian of Morocco.
Unifascia carolinensis – Period/Epoch: Eocene. Age/Stage/Subdivision: Bartonian. Age: 41.237.8 Ma (Kier 1980, Osborn et al. 2016). Formation: From the Castle Hayne Limestone,
Bryozoan biomicrudite, Maple Hill (Lanier Pit), Ideal Cement Company Quarry, North Carolina;
Santee Limestone, South Carolina ("middle and late zones" or Sequences 2 and 3 in Osborn et al.
2013), Georgetown, Martin Mariette Company Quarry, Cross Member or Moultrie Member.
Precise Biostratigraphic Range: NP16 to NP17.
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Zeuglopleurus costulatus – Period/Epoch: Cretaceous. Age/Stage/Subdivision: CenomanianTuronian. Age: 100.5-89.8 Ma (Smith and Wright 1996). Formation: One specimen is from an
unknown level in the Cenomanian of Glynde, Sussex. The remaining specimens are Turonian,
from the M. labiatus Zone. Precise Biostratigraphic Range: Cenomanian (unknown level) to M.
labiatus Zone.

4.9.2 Time constraints on nodes
Echinoidea-Holothuroidea divergence – Age: 470-463.97 Ma. Stratigraphy: Top of Floian to top
of Eoplacognathus decorates graptolite zone. Reference: See discussion in the supplement of
Thompson et al. (2017). Enforced in: Penalized likelihood scaling and tip-dated morphological
analysis.
Archaeocidaris-All other sampled echinoids divergence – Age: 372.2-346.7 Ma. Stratigraphy:
Top of Frasnian to top of Viséan. Reference: Thompson et al. (2020). Enforced in: Tip-dated
morphological and total-evidence dated analyses.
Cidaroida-Euechinoida divergence – Age: 346.7-268.8 Ma. Stratigraphy: Top of Viséan to top
of Roadian Stag. Reference: See discussion in the supplement of Thompson et al. (2017).
Enforced in: Tip-dated morphological and total-evidence dated analyses.
Atelostomata-All other crown irregulars divergence – Age: 235-174.97 Ma. Stratigraphy: St.
Cassian Beds, bottom of Julian 2 ammonoid Zone to base of Toarcian. Comments: Younger
bound is set by Galeropygus sublaevus, which is also a sampled tip. The older bound is relatively
uninformative. Reference: Smith et al. (2006). Enforced in: Tip-dated morphological and totalevidence dated analyses.
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Pedinoida-Echinothurioida divergence – Age: 225.2-205.4. Stratigraphy: P-T boundary to top of
Norian. Reference: See discussion in the supplement of Thompson et al. (2017). Enforced in:
Penalized likelihood scaling.
Diadematoida-(Pedinoida+Echinothurioida) divergence – Age: 225.2-205.4. Stratigraphy: P-T
boundary to top of Norian. Reference: See discussion in the supplement of Thompson et al.
(2017). Enforced in: Penalized likelihood scaling.
Arbacioida-(Stomopneustoida+Camarodonta) divergence – Age: 201.3-182.7 Ma. Stratigraphy:
Base of Jurassic to Pleinsbachian-Toarcian Boundary. Reference: See discussion in the
supplement of Thompson et al. (2017). Enforced in: Penalized likelihood scaling, tip-dated
morphological and total-evidence dated analyses.
Holasteroida-Spatangoida divergence – Age: 201.3-137.68 Ma. Stratigraphy: Base of Jurassic to
bottom of Campylotoxus zone. Comments: Younger bound is set by Toxaster, which is also a
sampled tip. The older bound is relatively uninformative. Reference: Francois et al. (2003).
Enforced in: Penalized likelihood scaling, tip-dated morphological and total-evidence dated
analyses.
Echinoida-Temnopleuroida divergence – Age: 100.5-93.9 Ma. Stratigraphy: Base of
Cenomanian to top of Cenomanian. Reference: See discussion in the supplement of Thompson et
al. (2017). Enforced in: Tip-dated morphological and total-evidence dated analyses.
Scutelliformes-Laganiformes divergence – Age: 66-56 Ma. Stratigraphy: Base of Cenozoic to
bottom of Eocene. Comments: The older bound is relatively uninformative. Reference: Roman
(1990), Smith et al. (2006). Enforced in: Penalized likelihood scaling, tip-dated morphological
and total-evidence dated analyses.
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Astriclypeidae-(Mellitidae+Monophorasteridae) divergence – Age: 33.9-28.1 Ma. Stratigraphy:
Base of Rupelian to top of Rupelian. Reference: See discussion in the supplement of Thompson
et al. (2017). Enforced in: Tip-dated morphological and total-evidence dated analyses.
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4.10 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Results of cross-contamination detected by CroCo. The three networks constitute
three independent multiplexed Illumina runs for which we had access to all taxa sequenced
simultaneously, nodes and links represent transcriptomes and cross-contaminations. Node size is
proportional to the number of times the transcriptome was found to be the source of
contamination, and node color the percentage of contaminated transcripts (see scale). Links
shown represent event of contamination leading to at least 1/1000 contaminated transcripts in the
target transcriptome. Evidence for contamination is relatively minimal, with an average of 0.99%
of transcripts identified as cross-contaminants (see Table S1). The largest event detected is
between two closely related species of Clypeaster and should be taken with caution.
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Figure S2: Time-calibrated molecular phylogeny obtained using penalized likelihood. The
chronogram was obtained by calibrating the partitioned maximum likelihood topology with the
correlated model of substitution rate variation. The six node calibrations employed are
represented with circles, and described in detail in the Supplementary Information. The tree was
used exclusively to estimate the rate of evolution of positions in the supermatrix.
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Figure S3: Level of occupancy of terminals in the 300-loci matrix obtained after subsampling.
Colors show the different lineages represented in the morphological dataset. Terminals
highlighted with a black border were chosen to merge with morphological data and build the
total-evidence dataset (see also Table S2). If more than one terminal per lineage was available,
we selected either the one most closely related to that sampled for morphology, or the one with
the highest occupancy.
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Figure S4: Strict consensus of the parsimony analysis of morphology under equal weights.
Colors are as in Figure 3, numbers on nodes represent jackknife frequencies.
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Figure S5: Strict consensus of the parsimony analysis of morphology under implied weighting (k
= 6). Colors are as in Figure 3, numbers on nodes represent jackknife frequencies.
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Figure S6: Majority-rule consensus of the uncalibrated Bayesian analysis of morphology. Colors
are as in Figure 3, numbers on nodes represent posterior probabilities.
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Figure S7: Correlation between rate of evolution and the first two axes obtained from the
principal component analysis of the gene property dataset. The figure replicates the results shown
in Figure 5b using a tree-independent method to estimate rate of evolution. Each dot represents a
locus, and the blue lines correspond to loess regressions. Axis 1 shows a strong linear relationship
with the rate of evolution (linear regression: R2 = 0.76, P < 10-16).
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Figure S8: Correlation between tree-based and tree-independent estimates of evolutionary rate.
Each dot represents a locus, and the blue lines correspond to loess regressions. There is a very
strong log-linear relationship between both approaches to estimating evolutionary rates (Person’s
ρ = 0.82, P < 10-16).
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Figure S9: Partitioned maximum likelihood phylogeny of the subsampled 300-loci dataset.
Colors are as in Figure 2. Numbers on nodes represent bootstrap frequencies, and are maximum
unless shown. Topology is identical to that of Figure 2, even though the dataset was reduced to
12.7% of its original size.
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Figure S10: Partitioned maximum likelihood phylogeny of the subsampled 300-loci dataset after
reducing taxon sampling to only one terminal per lineage represented in the morphological
dataset (i.e., those highlighted in Fig. S3). Colors are as in Figure 2. Numbers on nodes represent
bootstrap frequencies, and are maximum unless shown. Topology is again identical to that of
Figures 2 and S9.
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Figure S11: Partitioned maximum likelihood phylogeny of the subsampled 50-loci dataset after
reducing taxon sampling to only one terminal per lineage represented in the morphological
dataset (i.e., those highlighted in Fig. S3). Colors are as in Figure 2. Numbers on nodes represent
bootstrap frequencies, and are maximum unless shown. Topology is again identical to that of
Figures 2 and S9-S10, even though the dataset was reduced to 2.1% of its original size.
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Figure S12: Maximum clade credibility topology of the total-evidence analysis (the majority-rule
consensus tree is shown in Figure 7). Branches are colored as in Figure 3.
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Figure S13: RoguePlot showing the support for the different positions of Oligopygoida in the
total-evidence dated analysis (i.e., that in Figs. 7 and S12). The tree represents the topology of
Neognathostomata in the total-evidence dated analysis after pruning oligopygoids. Branches are
colored according to the posterior probability of the position of this clade (see heatmap). Almost
equal posterior probabilities are recovered for a position as the sister group to Clypeasteroida
(0.495) and Cassiduloida (0.465).
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Figure S14: RoguePlot showing the support for the different positions of Orthospis miliaris in
the total-evidence dated analysis (i.e., that in Figs. 7 and S12). The two trees represent different
clades to which Orthopsis miliaris attaches in the total-evidence dated analysis. Branches are
colored according to the posterior probability of the position of this terminal (see heatmap). A
position within aulodonta (top, sister to Pedinoida) receives a much higher posterior probability
than a relationship to echinaceans, calycineans and allies (bottom).
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Figure S15: Ancestral state reconstruction of test flexibility. The topology corresponds to the
maximum clade credibility tree of the total-evidence dated analysis (Fig. S12). The character
mapped is the condition of the ambulacral-interambulacral suture, which can be imbricate
(yellow) or not (teal). Character scorings are those of Character A18 in the matrix of Kroh and
Smith (2010). The loss of imbrication along the ambulacral-interambulacral suture is a
synapomorphy of crown group Echinoidea as redefined by our analysis. A second origin of
imbrication occurs within the clade, in the lineage that gives rise to pelanechinids, micropygoids
and echinothurioids (marked with an arrow). Test flexibility among these is therefore not
homologous with the condition that characterizes the echinoid stem group.
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Figure S16: Ancestral state reconstruction of putative synapomorphies historically used to
support a clade of Clypeasteroida + Scutelloida (last common ancestor marked with an arrow).
The topology corresponds to the maximum clade credibility tree of the total-evidence dated
analysis (Fig. S12). Some traits, such as the presence of internal test reinforcements (left;
presence = yellow), is inferred to be a case of convergent evolution between sand dollars and sea
biscuits. Character scorings are those of Character A30 and A31 in the matrix of Kroh and Smith
(2010). Others, such as the presence of Aristotle’s lantern in adults (right, presence = yellow) are
a true innovation of the last common ancestor of these two clades, but have secondarily reversed
in some of its descendants (Cassiduloida, as defined in this study). Character scorings are those of
Character F1 in the matrix of Kroh and Smith (2010).
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Table S1: Genomic resources used to build the phylogenomic dataset and statistics of the
bioinformatic pipeline used for assembly, curation and orthology inference. Data types are singleend transcriptomes (SE), pair-end transcriptomes (PE) and protein models derived from genomes
(PM). Mean insert size is expressed in number of base pairs. Read pairs shows the number of read
pairs in each dataset after processing with Trimmomatic. Those further removed by the curation
steps taken by Agalma are shown as percentages. These were then used for transcriptome
assembly. Assemblies were further sanitized with alien_index and CroCo before orthology
inference. Final occupancy also accounts for the number of loci removed by TreeShrink (Fig S3).

Species

Abatus agassizii

Accession

Data

Mean

number

type

insert size

SE

-

SE

SRR1324764
SRR1324765

Removed by

Assembled

Final

Agalma

transcripts

occupancy

-

-

166,219

35.8

-

-

-

105,735

33.0

Read pairs

SRR1324766
SRR1324767
SRR1324768
Abatus cordatus

SRR1324769
SRR1324770
SRR1324771
SRR1324772
SRR1324773

Apostichopus parvimensis

SRR2484238

PE

244.58

161,967,254

12.74

290,709

58.6

Araeosoma leptaleum

SRR7513578

PE

238.2

32,824,194

22.12

134,493

87.7

PE

170.9

39,825,874

24.26

112,338

90.7

Arbacia lixula

SRR2982357
SRR2982366

Asthenosoma varium

SRR7513575

PE

191.8

67,577,575

14.01

168,247

91.3

Brissus obesus

SRR7513590

PE

237.1

30,348,945

25.65

98,540

54.3

Caenopedina hawaiiensis

SRR7513589

PE

259.2

38,105,472

27.93

74,577

82.3

Clypeaster rosaceus

SRR7513591

PE

198.6

66,754,370

12.34

175,905

89.8

Clypeaster subdepressus

SRR7513586

PE

203.0

84,561,739

11.93

193,121

88.3

Colobocentrotus atratus

SRR7513588

PE

299.5

42,546,671

24.95

84,234

86.0

Conolampas sigsbei

SRR7513579

PE

198.1

41,056,403

11.41

194,877

73.7

Cystechinus giganteus

SRR7513585

PE

274.9

34,233,585

26.58

121,913

47.7

Dendraster excentricus

SRR2844623

PE

197.6

28,537,534

11.01

149,098

26.1

Diadema setosum

SRR7513577

PE

262.3

33,702,734

28.65

74,237

21.2

Echinarachnius parma

SRR1139193

PE

212.5

40,256,046

13.10

137,615

85.4

SE

-

-

-

754,016

75.0

SRR1324911
SRR1324912
Echinocardium cordatum

SRR1324913
SRR1324914
SRR1324915

315

SRR1324916
SRR1324917
SRR1324904
SRR1324905
SRR1324906
Echinocardium mediterraneum

SRR1324907

SE

-

-

-

348,230

87.2

SRR1324908
SRR1324909
SRR1324910
Echinocyamus crispus

SRR7513576

PE

255.6

30,774,438

35.09

239,865

50.8

Echinometra mathaei

SRR7513581

PE

263.8

44,005,972

15.28

106,253

75.5

Eucidaris tribuloides

SRR1138704

PE

190.6

16,611,359

10.79

57,752

29.2

Evechinus chloroticus

SRR1014619

PE

164.2

23,380,500

17.16

95,891

89.0

Heliocidaris erythrogramma

SRR1211283

PE

169.9

34,293,765

12.66

61,346

69.5

Holothuria forskali

SRR5109955

PE

171.2

80,911,707

12.88

126,770

58.3

Leptosynapta clarki

SRR1695478

PE

263.7

23,603,975

59.93

93,703

35.6

Lissodiadema lorioli

SRR7513580

PE

315.1

36,578,442

22.26

80,963

52.6

PE

349.0

19,261,189

42.33

107,694

92.6

SRR7348687
Loxechinus albus

SRR7348688
SRR7348691
SRR7348692

Lytechinus variegatus

SRR1139214

PE

275.2

30,644,263

12.50

100,374

91.5

Mellita tenuis

SRR7513583

PE

279.8

34,088,387

53.69

118,767

70.6

Meoma ventricosa

SRR7513582

PE

184.1

46,897,779

10.18

90,165

77.2

Mesocentrotus nudus

SRR5017175

PE

256.8

28,823,832

9.08

103,317

91.6

Paracentrotus lividus

SRR1735501

PE

193.7

20,175,205

10.49

141,706

92.9

Prionocidaris baculosa

SRR7513584

PE

269.7

38,619,001

14.96

137,112

55.3

Psammechinus miliaris

SRR5396289

PE

172.0

38,443,261

33.58

157,399

86.2

Sphaerechinus granularis

SRR1139199

PE

181.8

41,722,413

15.14

127,628

89.1

Stomopneustes variolaris

SRR7513587

PE

257.3

34,056,015

28.10

132,538

65.1

PM

-

-

-

-

93.4

Strongylocentrotus purpuratus

GCF
000002235.4
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Table S2: Species sampled in the molecular, morphological, and stratigraphic datasets. Here and
throughout, the nomenclature used follows that of the World Echinoidea Database (Kroh and
Mooi 2019), where citations to authorities and dates for scientific names can be found. The names
of terminals for the total-evidence dated analysis are those of the least inclusive clade containing
the species sampled across all datasets.
Terminal name

Clade

Morphological data

Molecular data

Stratigraphic data

Abertellidae

Abertella aberti

-

Abertella aberti

Abertella aberti

Acrolusiidae

Acrolusia gauthieri

-

Acrolusia gauthieri

Acrolusia gauthieri

Acropeltis

Acropeltis

aequituberculata

aequituberculata

Acropeltidae

Acropeltis
aequituberculata

-

(TED analysis)

Acrosaleniidae

Acrosalenia spinosa

-

Acrosalenia spinosa

Acrosalenia spinosa

Aeropsidae

Aeropsis rostrata

-

-

Aeropsis rostrata

Coraster vilanovae

-

Coraster vilanovae

Coraster vilanovae

Anorthopygus

Anorthopygus

Aeropsidae
(Corasterinae)
Anorthopygidae

Anorthopygus

orbicularis

orbicularis

Antillasteridae

Antillaster cubensis

-

Antillaster lamberti

Antillaster

Apatopygidae

Apatopygus recens

-

-

Apatopygus recens

Arbaciidae

Arbacia lixula

Arbacia lixula

-

Arbacia lixula

-

Coelopleurus equis

Coelopleurus
Archiacia sandalina

Arbaciidae

orbicularis

-

Coelopleurus equis
Coelopleurus maillardi

Archiaciidae

Archiacia sandalina

-

Archiacia sandalina

Aspidodiadematidae

Aspidodiadema jacobyi

-

-

Asterostomatidae

Asterostoma pawsoni

-

Asterostoma pawsoni

Asterostoma pawsoni

Astriclypeidae

Astriclypeus mannii

-

Astriclypeus mannii

Astriclypeus mannii

Brissidae

Brissus unicolor

-

Brissidae

-

-

Brissopsis

-

-

Calymne relicta

Cardiaster

Cardiaster

granulosus

granulosus
Sternotaxis plana

Brissidae (Brissopsinae)
Calymnidae
Cardiasteridae
Cardiasteridae
(Cardiotaxinae)
Carnarechinidae

Cassidulidae

Brissopsis lyrifera
Brissopsis alta
Calymne relicta

Meoma
ventricosa

Cardiaster granulosus

-

Sternotaxis plana

-

Sternotaxis plana

-

-

-

-

Carnarechinus
clypeatus
Cassidulus caribaearum

Aspidodiadema
jacobyi

Carnarechinus
clypeatus
Cassidulus
caribaearum
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Cidaridae (Cidarinae)
Cidaridae
(Goniocidarinae)

Cidaris cidaris

Goniocidaris tubaria

Cidaridae

Phyllacanthus

(Phyllacanthina)

imperialisa

Cidaridae

Stereocidaris

(Stereocidarinae)

sceptrifera

Cidaridae
(Stylocidarinae)
Cidaridae
(Typocidarinae)
Claviasteridae
Clypeasteridae
Clypeasteridae
(Ammotrophinae)

Stylocidaris affinisa

Eucidaris

-

Cidarinae

-

Goniocidaris tubaria

Goniocidaris tubaria

-

-

Phyllacanthus

-

-

Stereocidaris

-

Stylocidarinae

tribuloides

Prionocidaris
baculosa

Typocidaris malum

-

Typocidaris malum

Typocidaris malum

Claviaster libycus

-

Claviaster libycus

Claviaster libycus

-

Clypeaster rosaceus

-

-

Ammotrophus cyclius

-

Fellaster zelandiae

Arachnoidinae

Clypeaster rosaceus

Ammotrophus cyclius

Clypeaster
rosaceus

Clypeasteridae

Arachnoides placenta

(Arachnoidinae)

Fellaster zealandiae

Clypeidae

Clypeus plotii

-

Clypeus plotii

Clypeus plotii

Clypeolampadidae

Clypeolampas ovatus

-

Clypeolampas ovatus

Clypeolampas ovatus

Coenholectypus

Coenholectypus

macropygus

macropygus

Collyrites ellipticus

Collyrites ellipticus

Conoclypus

Conoclypus

conoideus

conoideus

Conulus albogalerus

Conulus albogalerus

Coenholectypidae

Coenholectypus
macropygus

-

Collyritidae

Collyrites ellipticus

-

Conoclypidae

Conoclypus conoideus

-

Conulidae

Conulus albogalerus

-

Corystusidae

Ctenocidaridae

Corystus dysasteroides
Corystus relictus
Ctenocidaris speciosa

Dendrasteridae

Dendraster excentricus

Desorellidae

Desorella elata

Diadematidae

Diadema antillarum

Diplocidaridae

Diplocidaris gigantea

-

Dendraster
excentricus
Lissodiadema
lorioli
-

Corystus
disasteroides
-

-

Corystus
Ctenocidaris
speciosa
Dendraster
excentricus

Desorella elata

Desorella elata

-

Diadematidae

Diplocidaris

Diplocidaris

gigantea

gigantea

Diplopodia

Diplopodia

Diplopodiidae

Diplopodia pentagona

-

pentagona

pentagona

Disasteridae

Disaster granulosus

-

Disaster granulosus

Disaster granulosus

Discoididae

Discoides subuculus

-

Discoides subuculus

Discoides subuculus

Echinarachniidae

Echinarachnius parma

Echinidae

Echinus esculentus

Echinarachnius
parma
-

-

Echinarachnius
parma
Echinus esculentus
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Echinocorythidae

Echinocorys scutata

Echinolampadidae

Echinolampas ovata

Echinometridae

Echinometra lucunter

Echinoneidae

Echinoneus cyclostomus

Echinothuriidae
(Echinothuriinae)
Echinothuriidae
(Hygrosomatinae)
Echinothuriidae
(Sperosomatinae)
Emiratiidae
Eoscutellidae

Araeosoma fenestratum

Conolampas
sigsbei
Evechinus
chloroticus
Araeosoma
leptaleum

Echinocorys scutata

Echinocorys scutata

-

Echinolampadidae

-

Echinometridae

Echinoneus

Echinoneus

cyclostomus

cyclostomus

-

Araeosoma

Hygrosoma petersii

-

-

Hygrosoma petersii

Sperosoma grimaldii

-

-

Sperosoma grimaldii

Emiratia

Emiratia

raskhaimahensis

raskhaimahensis

-

Eoscutella coosensis

Eoscutella coosensis

-

-

Eupatagus

-

-

Eurypatagus ovalis

-

Faujasia apicalis

Faujasia

Stigmatopygus

Stigmatopygus

pulchellus

pulchellus

-

Echinocyamus

Emiratia
raskhaimahensis
Eoscutella coosensis

-

Eupatagus
Eupatangidae

valenciennesi
Eupatagus lymani

Eurypatagidae
Faujasiidae

Eurypatagus ovalis
Faujasia apicalis
Faujasia eccentripora

Faujasiidae

Stigmatopygus

(Stigmatopyginae)

pulchellus

Echinocyamus

Fibulariidae

Echinocyamus pusillus

Fibulariidae

Fibularia ovulum

-

-

Fibularia ovulum

Fossulasteridae

Fossulaster halli

-

Fossulaster halli

Fossulaster halli

Galeritidae

Galerites vulgaris

-

Galerites vulgaris

Galerites vulgaris

Galeropygidae

Galeropygus sublaevis

-

Galeropygus

Galeropygus

sublaevis

sublaevis

Glyphocyphidae

Glyphocyphus radiatus

-

Glyphocyphus

Glyphocyphus

radiatus

radiatus

Glypticus

Glypticus

hieroglyphicus

hieroglyphicus

Glyptocidaris

Glyptocidaris

crenularis

crenularis

Goniophorus

Goniophorus

lunulatus

lunulatus

Hemiaster bufo

Hemiaster bufo

Hemicidaris

Hemicidaris

intermedia

intermedia

Hemipneustes

Hemipneustes

striatoradiatus

striatoradiatus

Glypticidae

Glypticus
heiroglyphicus

crispus

-

Glyptocidaridae

Glyptocidaris crenularis

-

Goniophoridae

Goniophorus lunulatus

-

Hemiasteridae

Hemiaster bufo

-

Hemicidaridae

Hemipneustidae

Hemicidaris intermedia
Hemipneustes
striatoradiatus

-

-
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Heterodiadema

Heterodiadema

lybica

lybica

-

-

Histocidaris elegans

Histocidaris purpurata

-

-

Holasteridae

Holaster nodulosus

-

Holaster nodulosus

Holaster nodulosus

Holectypidae

Holectypus depressus

-

Holectypus depressus

Holectypus depressus

Heterodiadematidae

Heterodiadema lybica

-

Histocidaridae

Histocidaris elegans

Histocidaridae

Hyboclypids

Hyboclypus gibberulus
Hyboclypus sandalinus

-

Hyboclypus
Hyposalenia

stellulata

stellulata

-

-

Kamptosoma asterias

-

-

Laganum laganum

-

Neolaganum durhami

Neolaganum

Hyposalenia stellulata

-

Kamptosomatidae

Kamptosoma asterias

Laganidae

Laganum laganum

(Neolaganinae)

gibberulus

purpurata

Hyposalenia

Hyposaleniidae

Laganidae

Hyboclypus

Histocidaris

Neolaganum durhami
Neolaganum
archerensis

Loveniidae

Breynia australasiae

-

-

Breynia australasiae

Loveniidae

Lovenia elongata

-

-

Lovenia elongata

Loveniidae

Echinocardium

Echinocardium

(Echinocardiinae)

cordatum

mediterraneum

-

Echinocardium

Macropneustes
Macropneustidae

deshayesi

-

Macropneustes mortoni
Maretiidae
Megapneustidae

Mellitidae

Micrasteridae

Maretia planulata
Megapneustes grandis
Mellita
quinquiesperforata

-

Mellita tenuis

Macropneustes
mortoni

Macropneustes

Maretia planulata

Maretia planulata

Megapneustes

Megapneustes

grandis

grandis

-

Mellita

Micraster

Micraster

coranguinum

coranguinum
Cyclaster regalis

Micraster coranguinum

-

Cyclaster regalis

-

-

Micropygidae

Micropyga tuberculata

-

-

Miocidaridae

Eotiaris verneuiliana

-

Eotiaris verneuiliana

Eotiaris verneuiliana

Monophoraster

Monophoraster

darwini

darwini

Adelopneustes

Adelopneustes

Micrasteridae
(Cyclasterinae)

Monophorasteridae

Neoglobatoridae

Monophoraster darwini
Adelopneustes

-

tuberculata

montainvillensis

montainvillensis

Neolampadidae

Neolampas rostellata

-

-

Neolampas rostellata

Nucleolitidae

Nucleolites scutatus

-

Nucleolites scutatus

Nucleolites scutatus

Oligopygidae

Haimea rutteni

-

Haimea rutteni

Haimea rutteni

Oligopygidae
Orthopsidae

montainvillensis

-

Micropyga

Oligopygus wetherbyi
Oligopygus haldemai
Orthopsis miliaris

-

Oligopygus
haldemani
Orthopsis miliaris

Oligopygus
Orthopsis miliaris
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Ovulasteridae

Palaeostomatidae

Palaeotropidae

Ovulaster gauthieri
Ovulaster protodecimae
Palaeostoma mirabile
Palaeotropus
josephinae

-

Ovulaster
protodecimae

-

-

-

-

Ovulaster
Palaeostoma
mirabile
Palaeotropus
josephinae
Paleopneustes

Paleopneustidae

Paleopneustes cristatus

-

-

Parasaleniidae

Parasalenia gratiosa

-

-

Parasalenia gratiosa

-

Parechinidae

-

Caenopedina

Parechinidae

Parechinus angulosus

Pedinidae

Caenopedina cubensis

Paracentrotus
lividus
Caenopedina
hawaiiensis

Pelanodiadema
Pelanechinidae

oolithicum

-

Pelanechinus corallina
Periasteridae
Pericosmidae

Periaster elatus
Pericosmus latus
Pericosmus cordatus

Pelanechinus
corallina

cristatus

Pelanechinidae

-

Periaster elatus

Periaster elatus

-

Pericosmus latus

Pericosmus

-

-

-

-

Phormosoma

Phormosomatidae

Phormosoma placenta

Phormosomatidae

Paraphormosoma

(Paraphormosomatinae)

alternans

Phymosomatidae

Gauthieria radiata

-

Gauthieria radiata

Gauthieria radiata

Phymosomatidae

Phymosoma koenigi

-

Phymosoma koenigi

Phymosoma koenigi

Plesiasteridae

Plesiaster peini

-

Plesiaster peini

Plesiaster peini

Plesiolampadidae

Plesiolampas placenta

-

Plesiolampas

Plesiolampas

placenta

placenta

-

-

Plexechinidae

-

Pliolampas vassalli

Pliolampas vassalli

-

Polycidaris suevica

Polycidaris

Polydiadema

Polydiadema

placenta
Paraphormosoma
alternans

Plexechinus cinctus
Plexechinidae

Antrechinus
nordenskjoldi

Pliolampadidae
Polycidaridae

Polydiaematidae

Pliolampas vassalli
Polycidaris legayi
Polycidaris spinosa
Polydiadema

mamillanum

mamillanum

Pourtalesiidae

Pourtalesia jeffreysi

-

-

Pourtalesia jeffreysi

Prenasteridae

Prenaster alpinus

-

Prenaster alpinus

Prenaster alpinus

Protoscutellidae

Protoscutella plana

-

Protoscutella plana

Protoscutella plana

Pseudholasteridae

Pseudodiadematidae

Pseudosaleniidae

mamillanum

-

Pseudholaster
bicarinatus
Pseudodiadema
pseudodiadema
Pseudosalenia aspera

-

-

-

Pseudholaster
bicarinatus

Pseudholaster

Pseudodiadema

Pseudodiadema

pseudodiadema

pseudodiadema

Pseudosalenia

Pseudosalenia

aspera

aspera
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Psychocidaridae

Roseicidaris morieri

-

Roseicidaris morieri

Roseicidaris morieri

Psychocidaridae

Tylocidaris ohshimai

-

-

Tylocidaris ohshimai

Pygasteridae

Pygaster semisulcatus

-

Pygaster

Pygaster

semisulcatus

semisulcatus

Pygaulidae

Pygaulus desmoulinsii

-

Pygaulus

Pygaulus

desmoulinsii

desmoulinsii

Pygorhytidae

Pygorhytis ringens

-

Pygorhytis ringens

Pygorhytis ringens

Rhabdocidaris

Rhabdocidaris

orbignyana

orbignyana

Rhabdocidaridae

Rhabdocidaris
orbignyana

-

Rotula

Rotulidae

Rotula deciesdigitatus

-

-

Saleniidae

Salenia petalifera

-

Salenia petalifera

Salenia petalifera

Holosalenia batnensis

-

Holosalenia

Holosalenia

batnensis

batnensis

Salenocidaris varispina

-

-

Saleniidae
(Holosaleniini)
Saleniidae
(Salenocidarini)
Schizasteridae

b

deciesdigitatus

Salenocidaris
varispina

Brisaster fragilis

-

-

Brisaster fragilis

Schizasteridaeb

Ova canalifera

Abatus agassizii

-

Schizasteridae

Scutasteridae

Scutaster andersoni

-

Scutaster andersoni

Scutaster andersoni

Scutellidae

Scutella subrotunda

-

Scutella subrotunda

Scutella subrotunda

Scutellina

Scutellina

lenticularis

lenticularis

Scutellinoides patella

Scutellinoides patella

Serpianotiaris

Serpianotiaris

coaeva

coaeva

Somaliaster

Somaliaster

Scutellinidae

Scutellina lenticularis

-

Scutellinoididae

Scutellinoides patella

-

Serpianotiaridae

Somaliasteridae

Serpianotiaris coaeva
Somaliaster

-

magniventer

magniventer

Spatangidae

Spatangus purpureus

-

Spatangus purpureus

Spatangus purpureus

Stegasteridae

Stegaster gillieroni

-

Stegaster gillieroni

Stegaster gillieroni

Stenonasteridae

Stenonaster tuberculata

-

Stenonaster

Stenonaster

tuberculata

tuberculata

Stomechinus

Stomechinus

bigranularis

bigranularis

Stomechinidae

Stomopneustidae

Strongylocentrotidae

Taiwanasteridae

Temnopleuridae

magniventer

-

Stomechinus
bigranularis

-

Stomopneustes

Stomopneustes

variolaris

variolaris

Strongylocentrotus

Strongylocentrot

droebachiensis

us purpuratus

Sinaechinocyamus mai

-

-

-

-

Temnopleurus
toreumaticus

-

-

Stomopneustes
variolaris
Strongylocentrotus
Sinaechinocyamus
mai
Temnopleurus
toreumaticus

Tithoniidae

Tithonia convexa

-

Tithonia convexa

Tithonia convexa

Toxasteridae

Toxaster retusus

-

Toxaster retusus

Toxaster retusus

-

Toxopneustidae

Toxopneustidae

Toxopneustes pileolus

Lytechinus
variegatus
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Triadotiaridae

Triadotiaris grandaevus

-

Trigonocidaridae

Trigonocidaris albida

-

Unifasciidae

Unifascia carolinensis

-

Urechinidae

Urechinus naresianus

Zeuglopleuridae

Zeuglopleurus
costulatus

Echinoidea incertae

Glyptodiadema

sedis

granulatum

Cystechinus
giganteusc
-

-

Triadotiaris

Triadotiaris

grandaevus

grandaevus

-

Trigonocidaris
albida

Unifascia

Unifascia

carolinensis

carolinensis

-

Urechinidae

Zeuglopleurus

Zeuglopleurus

costulatus

costulatus

Glyptodiadema

Glyptodiadema

granulatum

granulatum

Archaeocidaris
Stem Echinoidea

whatleyensis

(Archaeocidaridae)

Archaeocidaris.

-

Archaeocidaris
whatleyensis

Archaeocidaris

brownwoodensis
Holothuroidea
(Synallactida)
Holothuroidea
(Holothuriida)
Holothuroidea
(Apodida)

-

-

-

Apostichopus
parvimensis
Holothuria
forskali
Leptosynapta
clarki

-

-

-

-

-

-

a

A. Kroh, personal communication.

b

Given lack of knowledge of relationships within schizasterid spatangoids, the molecular data for

Abatus could have been merged with the morphological data of either of the two representatives
of the family. This decision however cannot have any effect on topology, and merging was thus
performed at random.
c

This species was identified as Pilematechinus sp. in Mongiardino Koch et al. (2018) but has

since been identified as Cystechinus c.f. giganteus by R. Mooi.
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Table S3: Inferred dates of divergence of major clades in our total-evidence dated analysis. Only
clades ranked at or above the level of order are shown. Clades are defined based on the topologies
of Figs. 7 and S12, as well as the taxonomic changes proposed in the main text. If a clade is
missing from the majority-rule consensus, the age of the mcc tree is shown. Age is expressed in
Ma and includes the 95% highest posterior density. These dates should be taken with caution as
many are constrained exclusively based on a morphological clock. For comparison, we have
included the results of three other time-calibration studies. If those authors used multiple
calibration approaches, their preferred method is reported. PL logarithmic = penalized likelihood
method with logarithmic-penalty function. Clades with an asterisk were constrained for node
dating. IGP = Informative gamma priors.
Clade

Age (this analysis)

Smith et al.
(2006)

Nowak et al. (2013)
IGP

Thompson et al.
(2017)

PL logarithmic
Echinozoa*

465.6 (464.0-472.0)

-

-

467.0 (464.0-470.0)

All sampled

352.0 (346.7-367.7)

-

-

266.9 (245.1-287.3)

-

276.2 (260.4-307.5)

Cidaroidea/Cidaroida

237.4 (212.6-263.8)

-

-

Crown group

200.0 (184.0-220.1)

-

-

Euechinoidea

257.8 (237.9-283.3)

225 (197-253)

222.0 (199.6-254.9)

239.3 (220.0-252.8)

Aulodonta

236.3 (210.9-267.0)

-

-

230.7 (211.6-248.9)

Crown group

219.9 (187.0-246.5)

-

182.4 (123.6-237.9)

248.3 (225.5-262.0)

197 (165-229)

202.5 (177.3-234.2)

Echinoidea*
Crown group

295.3 (265.0-341.9)

Echinoidea

Cidaroida

Aulodonta
Carinacea

216.0 (194.2-235.0)
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Echinacea + Calycina

233.8 (214.8-251.5)

-

-

Echinacea*

199.0 (182.7-218.0)

182 (150-214)

179.5 (133.5-219.9)

Camarodonta +

187.5 (175.0-204.9)

-

-

Camarodonta

128.5 (106.5-154.3)

125 (97-153)

145.7 (102.7-186.9)

Stomopneustoida

174.7 (168.4-185.5)

-

-

Crown group

59.2 (41.6-99.3)

-

-

Arbacioida

185.4 (164.7-206.9)

-

-

Calycina

212.4 (191.4-233.3)

-

-

Phymosomatoida

191.5 (175.3-212.4)

-

-

Salenioida

192.3 (172.2-214.6)

-

-

Irregularia

238.2 (220.5-254.2)

-

-

Holectypoida

213.1 (188.3-236.1)

-

-

Crown group

227.9 (210.4-242.5)

190 (161-219)

181.7 (171.6-198.4)

223.2 (206.5-238.2)

-

-

Nucleolitoida

215.4 (199.8-232.9)

-

-

Echinoneoida +

208.7 (183.5-229.2)

-

-

Echinoneoida

131.3 (99.0-166.0)

-

-

Neognathostomata

167.1 (145.0-190.7)

151 (118-184)

113.7 (99.6-137.8)

Clypeasteroida

91.4 (58.0-128.5)

-

-

Crown group

61.6 (28.4-96-9)

-

-

+ (Hemicidaris +
Pseudodiadema)
195.6 (186.3-201.4)

Stomopneustoida
148.8 (101.5-194.2)

Stomopneustoida

172.2 (75.7-229.8)

Irregularia*
Nucleolitoida +
(Echinoneoida +
Neognathostomata)

128.3 (58.8-218.2)

Neognathostomata

87.8 (46.0-196.5)

Clypeasteroida
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Cassiduloida +

155.1 (128.3-168.9)

114 (83-145)

81.4 (54.4-107.2)

Cassiduloida

123.5 (102.5-146.6)

-

-

Oligopygoida

85.6 (55.3-117.9)

-

-

Scutelloida*

111.2 (86.9-139.3)

-

-

Crown group

87.3 (68.7-139.3)

97 (68-126)

61.3 (40.6-81.5)

Atelostomata

213.8 (195.3-231.8)

-

-

Crown group

169.8 (153.6-200.0)

174 (142-206)

159.8 (150.8-174.0)

Holasteroida

143.4

-

-

Crown group

129.8

63.3 (37.2-131.9)

Oligopygoida +
Scutelloida

45.8 (30.9-81.3)

Scutelloida

122.8 (35.6-222.3)

Atelostomata*

-

Holasteroida
Spatangoida

165.5

Crown group

163.2

-

-

Spatangoida
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CHAPTER 5 – Exploring adaptive landscapes across deep time: a case
study using echinoid body size

5.1 ABSTRACT
Adaptive landscapes are a common way of conceptualizing the phenotypic evolution of
lineages across deep time. Although multiple approaches exist to implement this concept into
operational models of trait evolution, inferring adaptive landscapes from comparative datasets
remains challenging. Here, I explore the macroevolutionary dynamics of echinoid body size using
data from over five thousand specimens and a phylogenetic framework incorporating a dense
fossil sampling and spanning approximately 270 million years. Furthermore, I implement a novel
approach of exploring alternative parameterizations of adaptive landscapes that succeeds in
finding simpler, yet better-fitting models. Echinoid body size has been constrained to evolve
within a single adaptive optimum for much of the clade’s history. However, most of the
morphological disparity of echinoids was generated by multiple regime shifts that drove the
repeated evolution of miniaturized and gigantic forms. Events of body size innovation occurred
predominantly in the Late Cretaceous and were followed by a drastic slowdown following the
Cretaceous-Paleogene mass extinction. The discovery of these patterns is contingent upon
directly sampling fossil taxa. The macroevolution of echinoid body size is therefore characterized
by a late increase in disparity (likely linked to an expansion of ecospace), generated by active
processes driving lineages towards extreme morphologies.
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5.2 INTRODUCTION
The metaphor of the adaptive landscape has become a central concept of modern
evolutionary biology (Arnold et al. 2001; Svensson and Calsbeek 2012; Olson et al. 2019).
Originally developed in the context of population genetics (Wright 1932), it has since been
adopted by other disciplines, sparking new research directions in areas ranging from molecular
biology to paleontology. Within the context of the latter, adaptive landscapes were introduced by
Simpson (1944) as a means of conceptualizing phenotypic changes in entire lineages across deep
time. Although sharing little in common with original formulations (Pigliucci 2012), Simpsonian
adaptive landscapes have been considered a conceptual bridge between micro and
macroevolutionary processes (Arnold et al. 2001), as well as a necessary component of a unifying
theory of macroevolution (Hansen 2012).
Early research on the phenotypic response of populations to selective pressures (i.e., their
evolution on fitness surfaces; McGhee 2006) revealed that most traits are under strong directional
selection and that phenotypic change often occurs at a fast pace (Hendry and Kinnison 1999;
Gingerich 2001; Hereford et al. 2004; Hansen et al. 2011). Given the typical resolution of the
fossil record, these changes would normally appear instantaneous in fossil time series (Bell 2012
and references therein). However, evolutionary stasis seems to be a predominant pattern at
geological timescales (Eldredge et al. 2005; Hunt 2007), casting doubt on whether
microevolutionary processes can explain macroevolutionary patterns (Hansen and Martins 1996;
Gould 2002; Hansen and Houle 2004). These conflicting results have been reconciled by models
that assume populations evolve towards fitness optima that are relatively stable yet move within
certain limits (Estes and Arnold 2007), dampening the long-term accumulation of phenotypic
change (Gingerich 1983). At even longer timespans, evolution is likely dominated by the origin
of new adaptive optima, resulting in rapid bursts of change that produce the degree of
evolutionary divergence captured in comparative datasets (Uyeda et al. 2011; Arnold 2014;
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Landis and Schraiber 2017). Thus, as longer timeframes are considered, evolution on a stable
adaptive landscape gives way to changes in the landscape itself as the main driver of phenotypic
change (Hansen 2012). Notably, both of these processes were first discussed by Simpson (1944,
1953).
At macroevolutionary scales, the phenotypic evolution of clades is generally studied by
comparing the fit of models of trait evolution (Hunt and Carrano 2010; Pennell and Harmon
2013), which attempt to explain how morphospace is occupied through time while accounting for
phylogenetic relatedness. Even though fitness per se is never quantified, adaptive explanations for
the patterns observed are routinely favored (Hansen 2014). For example, footprints of selection
can be found in a tight association between morphology and explanatory factors such as
ecological interactions (Whittall and Hodges 2007) and metabolism (Gearty et al. 2018), or in the
recurrent origin of similar morphotypes in response to similar environments (Mahler et al. 2013).
Across these studies, selection is generally modelled using Ornstein-Uhlenbeck (OU) processes,
which combine a Brownian motion (BM; Felsenstein 1985; Freckleton et al. 2002), representing a
random walk with constant variance (σ2), with a tendency (α) to evolve towards an attractor (θ).
This deterministic component is considered to emulate a process of morphological evolution
towards an adaptive (or primary) optimum (Hansen 1997; Butler and King 2004; Beaulieu et al.
2012). While effectively reaching this optimum might be impossible (given factors such as
environmental fluctuations, genetic drift and the presence of selective demands operating on
correlated traits; Hansen 1997), lineages will nonetheless be constrained from leaving a region of
morphospace adjacent to it, which bears similarities to the expected dynamics of clades within the
adaptive zones of Simpson (1944, 1953) and Stanley (1973). Multi-peak OU models further
expand this approach to allow evolution in different parts of the tree to be dictated by independent
sets of parameters (i.e., they are non-uniform processes), thus constituting a convenient
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representation of evolution towards primary optima in a Simpsonian adaptive landscape (Mahler
et al. 2013).
Multi-peak OU models can be used in either confirmatory or exploratory ways (Uyeda
and Harmon 2014). In the first of these, regime shift configurations are specified a priori based
on previous knowledge, and the fit of this model relative to others can be considered a test of a
particular evolutionary hypothesis (e.g., Butler and King 2004; Whittall and Hodges 2007; Gearty
et al. 2018). Alternatively, an algorithm is used to explore and select among a wide range of
different multi-peak OU configurations which differ in both number and location of regime shifts
(e.g., Mahler et al. 2013). Unfortunately, many of the automated approaches used to find optimal
multi-peak OU models are only able to handle ultrametric trees (e.g., Khabbazian et al. 2016;
Bastide et al. 2018), which is especially problematic as incorporating fossil terminals improves
both identifiability of parameters and model accuracy (Ho and Ané 2013; Slater 2013; Ho and
Ané 2014; Cooper et al. 2016). On the other hand, implementations that allow for non-ultrametric
trees, such as SURFACE (Ingram and Mahler 2013), have shown a bias towards favoring models
with too many regimes (Ho and Ané 2014; Khabbazian et al. 2016; Davis and Betancur-R 2017).
SURFACE is further limited by the fact that it assumes a single tree-wide rate of evolution (σ2)
and strength of attraction (α)—regimes differ only in the location of their adaptive optimum (θ)—
restricting the range of hypotheses that can be explored.
More recently, alternative ways to conceptualize adaptive landscapes have been
introduced (Boucher et al. 2018; Boucher 2019). These approaches assume lineages are
simultaneously influenced by all adaptive optima, thus deviating from the traditional
interpretation that macroevolutionary adaptive landscapes are dynamic and punctuated by
innovation (Simpson 1944; Uyeda et al. 2011; Hansen 2012; Arnold 2014; Landis and Schraiber
2017). At the same time, they are also more flexible, accommodating scenarios of stabilizing,
directional and disruptive selection. These and other recently developed methods (e.g., Boucher
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and Démery 2016; Landis and Schraiber 2017) have greatly expanded the range of scenarios that
can be modelled using uniform processes. One of my objectives here is to compare this diverse
set of uniform models with non-uniform, multi-peak OU processes as alternative
characterizations of the macroevolutionary history of echinoid body size.
Echinoidea is a clade of echinoderms that includes sea urchins, heart urchins and sand
dollars, among others. Echinoids possess an extraordinary fossil record that can be fully
articulated with the living biodiversity within a common phylogenetic framework (Kroh and
Smith 2010). Coupled with a robust phylogenomic backbone (Mongiardino Koch et al. 2018;
Mongiardino Koch and Thompson 2021), the clade provides unparalleled opportunities for
macroevolutionary research. In fact, several authors have used sea urchins to investigate
evolutionary dynamics in deep time, including evidences of extinction selectivity (Smith and
Jeffery 1998), dynamics of phenotypic disparity (Eble 2000), rates of morphological evolution
(Hopkins and Smith 2015) and the origins of developmental innovations (Thompson et al. 2017).
Body size is one of the most thoroughly studied traits from a macroevolutionary
perspective, being the focus of both clade-specific studies (e.g., Cooper and Purvis 2010; Slater et
al. 2017; Benson et al. 2018; Godoy et al. 2019) and compendium-based meta-analyses (e.g.,
Harmon et al. 2010; Uyeda et al. 2011; Heim et al. 2015; Landis and Schraiber 2017). Much of
this interest stems from the assumption that body size is a highly adaptive trait, influencing a
broad spectrum of physiological, ecological and evolutionary processes (Peters 1986; Martin and
Palumbi 1993; Smith and Lyons 2013). However, the exact relationship between body size and
life history traits varies across the tree of life, which can result in misguided macroevolutionary
expectations for less studied clades (Jablonski 1996). Among free-spawning, benthic marine
invertebrates, larger sizes have been linked to increased tolerance to food shortages and cold
temperatures (Newell and Branch 1980), larger eggs and improved fertilization success (Marshall
et al. 2000; Moran and McAlister 2009), as well as enhanced dispersal ability (Kaustuv et al.
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2001); it is also associated with smaller population sizes (Levitan 1988). Large-bodied regular
echinoids are also less susceptible to predation (Ebert 1982; Tegner and Levin 1983; Scheibling
and Hamm 1991) and benefit from access to larger prey (Briscoe and Sebens 1988), but it
remains unclear if these effects occur among other echinoids such as sand dollars (McClintock
and Marion 1993; Lawrence and Tan 2001). At macroevolutionary scales, marine invertebrates
characterized by larger body sizes seem to be more resistant to extinction (Payne and Heim
2020).
Surprisingly little is known about the macroevolutionary history of echinoid body size. In
the only previous synthesis, Kier (1974) suggested that early Triassic echinoids were relatively
small, and that body size then increased independently among different groups. This trend
allegedly began in the later part of the Jurassic and continued until the present day, resulting in
several instances of gigantism among living clades. However, the modern echinoid fauna also
contains several examples of independently miniaturized taxa (e.g., Mortensen 1935; Mooi
1990b; Mooi 1990a; Mooi et al. 2014; Brett 2017), a pattern that might conflict with the existence
of a general trend towards larger sizes. The timing of origin of gigantic and miniaturized lineages,
as well as the relative frequency of these events, remain unexplored. On the other hand, rates of
echinoid morphological evolution have been found to show episodic bursts associated with major
ecological transitions (Hopkins and Smith 2015). Much of this pattern has been attributed to the
dramatic morphological innovation undergone by irregular echinoids (Hopkins and Smith 2015;
Hopkins 2016; Boivin et al. 2018), which ultimately gave rise to body plans as distinct as those of
sand dollars and heart urchins. Irregulars also display a wide range of feeding strategies including
bulk and selective deposit feeding, suspension feeding, microphagy and selective predation
(Schultz 2017; Nebelsick 2020; Ziegler et al. 2020 and references therein). These diverse
ecological roles are to some extent enabled by body size specializations: large-bodied and
infaunal deposit feeders are uniquely capable of ingesting massive amounts of sediment (Hollertz
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and Duchêne 2001; Lohrer et al. 2005), while miniaturized lineages sustain themselves by rasping
organic matter from individual substrate particles (Telford et al. 1983). The disparity of echinoid
body sizes might therefore trace its origins to a late onset of ecological expansion predominantly
driven by irregular echinoids.
Here I explore patterns of morphological change in echinoids across roughly 270 million
years of evolutionary history. This is achieved by combining a large-scale dataset of body sizes
with a phylogenetic framework encompassing all major lineages of extant and extinct echinoids.
Furthermore, I develop an approach that allows for a more thorough search of alternative regime
shift configurations, which is able to recover better-fitting parameterizations of
macroevolutionary adaptive landscapes.

5.3 METHODS
The phylogenetic framework and taxonomic sampling derive from the recent totalevidence dated phylogeny of Mongiardino Koch and Thompson (2021). This phylogeny contains
167 taxa representing 89% of echinoid families currently recognized in the World Echinoidea
Database (Kroh and Mooi 2019). I used both the maximum clade credibility (mcc) tree and 20
randomly selected topologies from the posterior distribution to explore macroevolutionary
dynamics. Three sea cucumber (holothuroid) outgroups and six echinoids for which no reliable
body size data could be gathered were removed (see SI File 1). Of the terminals included, only 59
(37.3%) reach the present.
I gathered a comprehensive dataset of length, width and height of echinoid tests from
both the primary literature and specimens in museum collections. In total, measurements from
5,317 specimens were recorded, representing an average of 33.7 specimens per species. In most
cases data was gathered from the same species used to code the morphological dataset used for
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tree inference, but occasionally a closely related species was used instead (see SI File 2). For
irregular echinoids, test length corresponds to the maximum distance along Lovén’s axis (the
plane of bilateral symmetry defined by the posterior displacement of the anus), while their width
and height are the maximum left-right and oral-aboral distances, respectively. Although Lovén’s
axis can be recognized in regular echinoids (Saucède et al. 2003), the test of these organisms is
approximately circular; length and width were therefore equated to the diameter reported in the
literature, or to a distance measured along a randomly chosen direction for museum specimens
(further methodological details are placed in SI File 1).
Measurements were transformed into an estimate of body size using the formula for the
volume of a regular ellipsoid (𝑉 = 𝜋⁄6 𝑙𝑤ℎ). This metric should provide a relatively accurate
approximation of the volume contained within the test of the organisms (i.e., their biovolume),
and has been used before for echinoids at intra-specific levels (Uthicke et al. 2016), as well as in
other similarly shaped organisms (e.g., Finnegan and Droser 2008; Church et al. 2019)
Biovolumes were averaged by species and log10 transformed (the dataset is available as SI File 2).
Standard errors of mean biovolumes were also estimated and used in the process of model fitting.
However, for 44 of the sampled species this was complicated by the fact that observations taken
from the literature already represented averaged measurements from multiple specimens. In order
to approximate the standard errors for these species, an exponential decay function was used to
characterize the relationship between the standard error of echinoid biovolume and the number of
specimens measured. This relationship was fit to taxa with observations coming from individual
specimens, and used to predict standard errors for species with averaged observations (Fig. S1).
The phylogenetic signal of the trait was tested using Pagel’s λ (Pagel 1999), and the
temporal dynamics of disparity was explored with disparity-through-time (DTT) plots (Harmon et
al. 2003). The empirical DTT trajectory was compared with 10,000 replicates of character
evolution under BM, and deviations were evaluated using a rank envelope test (Murrell 2018). To
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further explore the process underlying body size evolution, I fitted a suite of models of
continuous trait macroevolution. These included a BM model, the most common null model of
evolution in comparative studies, as well as several extensions designed to capture alternative
scenarios such as constrained evolution within adaptive zones (OU; Hansen 1997), active trends
(Hunt and Carrano 2010), and exponentially varying rates (EB model; Blomberg et al. 2003;
Harmon et al. 2010). All of these models account for phylogenetic relatedness, assuming a
covariance structure between species that is proportional to their shared evolutionary history. This
assumption was further relaxed using a white noise model.
The repertoire of uniform models has become greatly expanded recently, and I focused
on including and comparing the behavior of this expanded toolkit. I incorporated the bounded
Brownian motion model (BBM; Boucher and Démery 2016), which restricts the variance that
traits can attain by enforcing reflective boundaries; as well as the family of Lévy process models
(Landis and Schraiber 2017) which are specifically designed to capture the pattern of stasis
punctuated by bursts of change that abounds in the fossil record (henceforth pulsed models).
Furthermore, I explored several alternative ways of characterizing a macroevolutionary adaptive
landscape (Simpson 1944; Hansen 2012). First, I employed the Fokker-Planck-Kolmogorov
(FPK) model (Boucher et al. 2018), which relies on inferring an evolutionary potential that biases
the underlying random walk of all lineages towards different regions of morphospace. This
model, as well as the previously described BBM, can be thought of as special cases of a general
model (BBMV; Boucher 2019) that combines the attractive force of the evolutionary potential
with maximum and minimum trait boundaries.
As an alternative, I also explored the fit of a series of multi-peak OU models. For these,
the number and location of regime shifts was explored using SURFACE (Ingram and Mahler
2013). SURFACE operates by iteratively locating shifts in the value of trait optima (θ) along
branches of the tree (forward phase). Starting from a model in which the entire clade is in a single
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OU regime, SURFACE evaluates all possible models that incorporate a regime shift at the origin
of each branch, attracting it and all of its descendants to a different trait optimum. The model that
minimizes the Akaike’s information criterion for finite sample sizes (AICc) is selected, and the
entire process is iterated until the AICc cannot be improved. Further optimization is attempted by
selecting all pairs of regimes identified in the forward phase (one pair at a time) and assessing the
fit of models in which these are merged into a single shared regime (backwards phase). This
represents a scenario in which attraction to a common trait optimum has originated independently
among different clades, and is interpreted as evidence of evolutionary convergence (Ingram and
Mahler 2013; Mahler et al. 2013). This step is again iterated until model fit cannot be further
improved.
Regimes identified by SURFACE vary exclusively in their value of θ; both α and σ2 are
kept constant across the phylogeny (these models are denoted here as OUM models). More
parameter-rich alternatives were explored using OUwie (Beaulieu et al. 2012), which requires a
priori identification of selective regimes but can estimate independent sets of parameters for each
of them. The optimal configuration of regimes identified by SURFACE was therefore used as
input in OUwie, allowing the estimation of all three parameters for each regime (model
OUMVA). An alternative parameterization in which the ancestral state at the root is not
constrained to be the optimum of the ancestral regime, but is also free to vary (model OUMVAZ),
was also explored.
Given that OUMVA(Z) models are often difficult to fit, and that SURFACE often favors
models with too many optima (Ho and Ané 2014; Khabbazian et al. 2016; Davis and Betancur-R
2017), the backwards phase of SURFACE was continued, forcing it to merge independent
regimes even when this resulted in suboptimal models (i.e., increased AICc values). At each step,
models produced by merging all pairs of regimes were evaluated, and the one resulting in the
smallest increase in AICc was selected. The best model found at each step was also used as
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starting point for the optimization of regime-specific σ2 and α parameters using OUwie. This
procedure was continued until only two regimes remained (the smallest possible number for a
multi-peak OU model), providing access to a range of alternative OUMVA and OUMVAZ
models with fewer adaptive optima. For the final model comparison, only the best-fitting
alternatives for each of these models were included. The reliability of parameter estimates was
evaluated by checking that all eigenvalues of the Hessian matrix were positive (Beaulieu et al.
2012). Finally, to test if the heterogeneity captured as different regimes by SURFACE can be
explained by differences in evolutionary rate (rather than jumps in adaptive landscape), a
variable-rate BM (BMS) model was also fitted, inferring different σ2 parameters for each regime.
Model fitting relied on packages geiger (Pennell et al. 2014), BBMV (Boucher 2019),
pulsR (Landis and Schraiber 2017; available from https://github.com/Schraiber/pulsR),
SURFACE (Ingram and Mahler 2013) and OUwie (Beaulieu and O’Meara 2019). Models were
compared using AICc weights. For BBMV, the shape of the evolutionary potential was estimated
using one, two and three free parameters (Boucher 2019), and only the best option was included
in the final model comparison. Similarly, for the pulsed models, the fit of the jump normal (JN)
and normal inverse Gaussian (NIG) models (Landis and Schraiber 2017), as well as their
combination with BM (BMJN and BMNIG) were first compared to each other and only the best
was used for the final model selection step.
The dynamics of multi-peak OU models were further explored using phylogenetic halflives (t1/2), which measure the amount of time needed for a lineage to move half-way from its
current trait value to a new optimum, as well as the expected morphological variance of regimes
at equilibrium (𝜎 2 ⁄2𝛼 ; Hansen 1997). In order to assess the rate at which body size innovations
occurred, selective regimes were treated as a multi-state character, and plausible evolutionary
histories were drawn using stochastic character mapping under equal rates (Bollback 2006). The
time of origin and extinction of regimes in these mappings were recorded and used to estimate the
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total number of active regimes operating in the tree at different points in time, as well as its rate
of change.
Finally, I also explored the effect of fossil terminals by repeating the analysis of disparity
through time and the fitting of macroevolutionary models to trees composed of only extant taxa.
Two different topologies were employed: one subsampling the mcc to the 59 terminals that reach
the present, and another one that also incorporated extant lineages represented in the tree by fossil
taxa. Although the phylogenetic position of these taxa is contingent on their assigned stratigraphic
ages (Mongiardino Koch et al. 2020; King 2021), they can still provide a proxy for the position of
their extant counterparts, especially as the morphological data used for tree inference included
characters considered diagnostic at or above the level of family (Kroh and Smith 2010). There is
also a possibility that extant representatives of these clades have different body size values, but
large differences are very unlikely. This second tree included 74 terminals (46.8% of those
present in the full mcc tree) and was rendered ultrametric by stretching terminal branches to the
present using functions from phytools (Revell 2012). OUMVAZ models were not evaluated, as
estimation of an independent root state in not feasible for ultrametric trees (Clavel et al. 2015).
All analyses were performed in the R statistical environment (R Core Team 2019),
relying on packages mentioned previously, as well as functions from ape (Paradis and Schliep
2018). Code to replicate the steps of macroevolutionary model fitting is made available as File
S1.

5.4 RESULTS
5.4.1 Body size disparity
The biovolumes of taxa represented in the phylogeny span more than five orders of
magnitude, attesting to the versatility of the echinoid body plan. Despite this huge variability,
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body size also exhibits a strong phylogenetic signal (Pagel’s λ = 0.90, P = 4.65x10-11). The
analysis of the trajectory of body size disparity through time reveals a complex picture (Fig. 1).
Even though relative disparity follows the expectations of a BM process during the earliest part of
the echinoid’s evolutionary history, disparity is consistently higher than expected from the
Jurassic onwards, driving a significant deviation from null expectations (Rank envelope test, P =
0.016).

5.4.2 Macroevolutionary model fit
To explore the potential drivers of this pattern I compared the fit of multiple models of
macroevolution across both the mcc tree and a sample of posterior topologies. All non-uniform
models fitted the data better than models assuming a single process, revealing an intricate history
of morphological evolution (Fig. 2 and Table 1). Among these, models incorporating selective
forces outperformed those assuming heterogeneity among clades was only caused by differences
in evolutionary rates. SURFACE favored a highly complex adaptive landscape with seven
distinct optima. This model contained unrealistic selective regimes characterized by optima well
outside the explored range of body sizes (e.g., suggesting optimum test diameters > 2.5 m; Fig.
S2). This is likely a consequence of SURFACE fixing common σ2 and α parameters across the
entire tree, leaving rate heterogeneity to be accommodated exclusively by θ values (i.e., the
location of adaptive optima). However, relaxing this assumption is not straightforward, as
OUMVA(Z) models with this many regimes are too complex to be fit successfully (Fig. 2).
To solve this problem, I used a novel search strategy that relies on continuing the
backwards phase of the SURFACE algorithm, forcing it to merge regimes even when this
reduced model fit. I refer to this as the extended phase of SURFACE (Fig. 2A). The models
obtained this way contain fewer parameters, and were used as starting points for the optimization
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of regime-specific σ2 and α parameters. The best OUMVA and OUMVAZ models found in this
way were incorporated into the final model comparison shown in Table 1, and found to fit the
data better than all other options explored. This result holds true across randomly sampled
posterior trees, with OUMVA(Z) models discovered using the extended phase always
outperforming OUM models returned by SURFACE (Fig. 2B).

5.4.3 The adaptive landscape of echinoid body size
An OUMVA model with four selective regimes (Figs. 3 and S3) was found to strongly
outperform other models (Table 1). This model consists of an ancestral regime that became
established even before the origin of the crown group. This regime can be considered to constitute
the evolution of echinoids with an ‘average’ body size: not only does it permeate much of the
clade’s evolutionary history (67% of tips and 72% of total tree length; Table 2), it also describes
attraction to an optimum value of 4.08, which lies very close to the average body size of 4.01
found across all sampled species.
The evolutionary dynamics of 18 lineages deviate from the behavior expected of this
regime (Fig. 3). Their trajectories are better explained by invoking three other selective regimes,
describing evolution towards adaptive optima that differ from the ancestral one by more than an
order of magnitude (Table 2). Each of these three regimes are encountered convergently between
4 and 7 independent times by lineages found across the entire echinoid diversity. Their expected
variances at equilibrium are much lower than the morphological variance harbored by the
ancestral regime. This is especially true of the miniaturized regime, whose small expected
variance might indicate that these lineages are at or close to the minimum body size attainable by
the echinoid body plan. Derived regimes are also characterized by relatively stronger strengths of
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attraction than the average regime (Table 2), although all phylogenetic half-lives (t1/2) range
between 30 and 59 Ma.
These three derived regimes have contributed significantly to the overall morphological
disparity of echinoids, allowing entire lineages of gigantic and miniaturized forms to diversify
well outside the range of sizes achievable within the average regime (Fig. 4). The variance of
body sizes across all species (Vtotal = 0.83) almost triples the variance observed among species in
the average regime (Vaverage = 0.29), which is relatively close to the expected variance of this
regime at equilibrium (𝜎 2 ⁄2𝛼 = 0.36; Table 2). Even when there has been a steady increase in
the number of selective regimes operating through time, their rate of accrual shows strong
fluctuations (Fig. 4). Regimes started to accumulate at a faster rate during the Jurassic, likely
driving the high values of relative disparity seen from this time onwards (Fig. 1), and reached a
maximum rate of accrual at about 80 Ma in the Late Cretaceous. This peak is a consequence of
the increased levels of morphological innovation among irregular echinoids (Fig. 3). The rate of
accumulation of regimes then plummeted following the Cretaceous-Paleogene (K-Pg) mass
extinction, recovering again towards the present.

5.4.4 Effect of fossil sampling on macroevolutionary dynamics
A similar macroevolutionary signature was recovered from the analysis of extant taxa.
Both approaches to derive an extant-only topology support a significant and positive deviation of
relative disparity (Fig. S4), as well as an adaptive landscape scenario for the evolution of echinoid
body size (Table S1). However, both trees supported an almost identical OUMVA model
incorporating only two regimes: an ancestral one characterized by low selective pressures and a
large variance at equilibrium, and three to four shifts into a common regime characterized by a
strong attraction to a miniaturized optimum (Fig. 5, Table S2). The differences with the results of
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the full dataset are not due to branches bearing regime shifts not being sampled in the extant-only
trees. Although 65% of branches with regime shifts in the full analysis are included in these
reduced topologies, only 15-20% of shifts are recovered (Fig. S5). All sampled terminals in the
small-bodied and gigantic regimes (as well as some miniaturized lineages) are instead subsumed
within a single ancestral regime of high morphological disparity and near-diffusive dynamics.

5.5 CONCLUSIONS
5.5.1 Approaches to macroevolutionary inference
Our ability to explore phenotypic evolution across deep timescales is limited by the set of
models available. Historically, the macroevolutionary toolkit was centered around BM and some
extensions capable of accounting for rate variation, active trends and attraction to optimum trait
values. However, a recent expansion of the available models has provided ways of surveying
other types of evolutionary dynamics, including bounded explorations of traitspace (Boucher and
Démery 2016), trajectories punctuated by rapid bursts of change (Landis and Schraiber 2017) and
landscapes that incorporate directional and disruptive selection (Boucher et al. 2018).
Nonetheless, there have been few attempts at comparing this expanded repertoire of uniform
processes with non-uniform, multi-peak OU models.
The results presented here show that the evolutionary history of echinoid body size has
been characterized by substantial heterogeneity both between clades and through time, resulting
in patterns that are too complex to be explained by uniform processes. This complexity is better
accommodated by non-uniform macroevolutionary models, all of which outperformed models
that assume a single process dictating evolution across lineages (Table 1). Even simple nonuniform models that only allow for rate heterogeneity (BMS) fit the data better than uniform
models. However, it is evident that the evolution of echinoid body sizes is better characterized by
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incorporating attractive forces operating on a macroevolutionary adaptive landscape. The
different optima in this landscape only became available to certain lineages at specific points in
time, closely resembling shifts between adaptive zones in a dynamic Simpsonian landscape
(Simpson 1944).
Finding reliable ways of fitting models that depict such a landscape remains challenging.
On one hand, some approaches work exclusively on ultrametric trees, even when incorporating
fossils improves macroevolutionary modeling in general (Slater et al. 2012; Bokma et al. 2015;
Schnitzler et al. 2017), and OU models specifically (Ho and Ané 2013; Slater 2013; Ho and Ané
2014; Cooper et al. 2016). SURFACE (Ingram and Mahler 2013), an alternative that can
accommodate fossil terminals, is limited by assuming a common σ2 and α parameters across
regimes, as well as favoring overly complex adaptive landscapes (Ho and Ané 2014; Khabbazian
et al. 2016; Davis and Betancur-R 2017; Benson et al. 2018) and potentially supporting
biologically unrealistic optima (Uyeda and Harmon 2014; Cuff et al. 2015). These issues can
result in favored models that lack biologically meaningful interpretations (Hansen 1997). A twostep approach that optimizes independent regime parameters on the model preferred by
SURFACE has become a common way to deal with these problems, but fitting such parameter
rich models is often impossible (Fig. 2B; see also Beaulieu et al. 2012; Benson et al. 2018;
Fernández‐Martínez et al. 2018; Godoy et al. 2019; Trávníček et al. 2019). Even when this study
was set up to account for known sources of bias by including measurement error and
incorporating a thorough sample of fossil terminals (Ho and Ané 2014; Silvestro et al. 2015;
Cooper et al. 2016), I encountered similar issues: the SURFACE output included unrealistic
optima (Fig. S2) and attempts to optimize independent parameters for its regimes failed.
In order to solve this issue, I extended the SURFACE algorithm to explore simpler
adaptive landscapes (i.e., those with fewer adaptive regimes), and found that optimization of
independent regime parameters on these is more reliable, provides access to models that fit the
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data better (Table 1, Fig. 2) and result in biologically realistic parameter values (Table 2). These
results suggest that the issues identified with SURFACE models likely stem from assuming
common σ2 and α parameters across the entire tree, as much simpler landscapes are favored after
relaxing these assumptions (Figs. 2 and S4). This approach is a promising way of exploring
macroevolutionary adaptive landscapes, and I have implemented it in the R package
extendedSurface, available at https://github.com/mongiardino/extendedSurface. Even though
incorporating fossil terminals results in a much deeper understanding of macroevolutionary
history (see below), extendedSurface is also able to find better-fitting multi-peak OU models in
trees that incorporate only extant taxa (Table S1).

5.5.2 Evolution of echinoid body size
Although quantitative analyses of body size evolution across the entire echinoid clade
had not been performed before, previous research hinted at a more dynamic evolutionary history
from the Jurassic onwards, involving either concerted increases in body size (Kier 1974), or an
ecologically-driven pulse in disparity (Hopkins and Smith 2015). This study confirmed some
aspects of these observations, while providing a more complex and nuanced picture of the
macroevolutionary dynamics of this trait.
Body size disparity is characterized by higher-than-expected values from the Jurassic
onwards (Fig. 1). This positive deviation is not consistent with an “early burst” of disparity that
often characterizes paleontological datasets (Foote 1995; Cooper and Purvis 2010; Hughes et al.
2013; Wagner 2018), as this would generate deviations towards lower values (Harmon et al.
2003). Instead, positive deviations in DTT plots indicate that subclades contain a larger share of
the total morphological disparity than expected, a pattern that arises from either increasing
evolutionary rates or an exploration of morphospace affected by constraints and/or convergences
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(Colombo et al. 2015). The latter is an expected outcome of evolution within adaptive landscapes,
and my results suggest this explanation to be the most likely (Fig. 2, Table 1), with no evidence
of systematic changes in rates of evolution with time.
Much of the evolutionary history of echinoid body size can be described by attraction to a
single adaptive optimum. This regime predates the origin of the crown group, and permeates
much of the earliest history of the clade, including the origin of most of its major lineages (Figs. 3
and S3). At equilibrium (a condition likely to be met in the present), this regime would produce
body sizes spanning a little more than two orders of magnitude (95% confidence interval = 3.01 –
5.19). However, the observed range of echinoid body sizes spans more than five orders of
magnitude, 295 times larger than expected under the average regime. This remarkable disparity
was generated through repeated shifts in adaptive regimes driving the evolution of specific
lineages across entire orders of magnitude of body size. Much of the observed disparity can
therefore be attributed to clades that have escaped the constraints of a regime that exhausted its
ability to produce morphological novelty. The dynamics of these clades are better explained by
the presence of three additional optima in macroevolutionary adaptive landscape, resulting in
attraction to gigantic, small-bodied and miniature sizes (Fig. 3, Table 2). These seem to represent
more specialized adaptive zones, capable of harboring a much narrower range of body sizes.
Although Kier (1974) focused entirely on body size increases, innovations towards smaller sizes
have been relatively more common, representing 63% of regime shifts. While these adaptive
zones have been encountered repeatedly, they should not be interpreted as true instances of
morphological convergence, as is normally done when employing multivariate characterizations
of morphotypes (e.g., Mahler et al. 2013; Davis and Betancur-R 2017; Serb et al. 2017; Ceccarelli
et al. 2019). In this case, shifts to the same adaptive regime denote events of innovation that share
similar evolutionary tempos and outcomes, but the clades involved are not expected to share
ecological or morphological similarities.
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Even though there is a coarse correspondence between body size and ecological niche at
macroevolutionary scales (see Slater 2015; Benson et al. 2018), lineages that have directionally
traversed orders of magnitude of body size likely innovated substantially from an ecological
perspective, forging new interactions with their environments. This is evident for many of the
lineages that have undergone regime shifts: miniaturized pea urchins consume the organic matter
that surrounds individual substrate particles (Telford et al. 1983), populations of heart urchins
rework entire sedimentary environments through their burrowing and feeding activities (Hollertz
and Duchêne 2001; Lohrer et al. 2005), and the predominantly abyssal echinothurioids may
constitute a case of deep-sea gigantism (Timofeev 2001). These innovations are inferred to have
happened at a moderate pace, with adaptations to derived selective optima becoming important
only after 30-40 Ma (Table 2). Slow macroevolutionary dynamics have been interpreted in the
past as evidence of a weak and unpredictable relationship between body size and ecological
diversification (e.g., Slater 2015). However, the congruent picture recovered by this analysis and
those based on alternative data sources (see below) suggests that slow rates are not indicative of a
weak coupling of body size and ecology, and might instead represent methodological limitations
of sparsely sampling a relatively ancient diversification. For example, the average branch length
of the mcc tree employed for these analyses is 33.6 Ma, a value that is within the range of
inferred half-lives (Table 2), and which might preclude the discovery of processes operating at
finer temporal scales. Thus, I suggest that the temporal pattern of accumulation of regime shifts in
echinoids can provide some indication of the breadth of ecospace occupied through time. There
are of course some aspects of ecological history that this approach will miss, as many changes in
niche will not impact overall body size, but there is also no evidence to suggest that detectable
innovations would be temporally biased.
From this perspective, the macroevolution of echinoid body size involved a relatively late
onset of innovation, leading up to an expansion of ecospace that began in the Jurassic and
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intensified during the Late Cretaceous (Fig. 4). While irregulars are largely responsible for
driving this overall pattern, numerous lineages of regular echinoids have also evolved body size
specializations (Fig. 3). Late pulses of change have been supported previously for echinoids using
both discrete characters and geometric morphometrics (Hopkins and Smith 2015; Boivin et al.
2018), and interpreted as the product of major changes in feeding ecology. Congruence between
such different datasets is compelling, as different data types can support contradictory
macroevolutionary patterns (Mongiardino Koch et al. 2017). However, the results obtained here
point to a later peak in morphological innovation compared to previous efforts (Late Cretaceous
instead of Jurassic). A similar macroevolutionary picture has been demonstrated in carnivorans
(Slater and Friscia 2019), where innovation in body size occurred only after major changes in
feeding ecology became established. Finding evidence for a similar sequence of events across
such dissimilar and distantly related clades suggests that this macroevolutionary hierarchy could
be a more general feature of evolution across deep timescales. The rate of origin of new regimes
strongly declined after the K-Pg mass extinction. Previous studies have shown this event had
long-lasting effects on the diversity and morphological disparity of different echinoid clades, as
well as showing a significant selectivity for alternate feeding strategies (Smith and Jeffery 1998;
Eble 2000; Jeffery 2001). Notably, survivors of the K-Pg extinction, as well as of major events of
climatic perturbation, seem to be characterized by small body sizes, which has been interpreted as
a response to nutrient limitation in post-extinction/strongly perturbed ecosystems (Smith and
Jeffery 1998; Jeffery 2001; Salamon et al. 2016). I similarly detect the K-Pg mass extinction
event to have halted the origin of body size specializations, representing the strongest setback in
what is otherwise a continuous history of innovation spanning over 200 million years.
Fossils can drastically impact reconstructed histories of morphological change across
deep times (Finarelli and Goswami 2013; Slater 2013; Bokma et al. 2015; Puttick 2016;
Schnitzler et al. 2017; Mongiardino Koch et al. 2020; Mongiardino Koch and Parry 2020;
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Mongiardino Koch and Thompson 2021). Here, a signature of evolution across adaptive
landscapes is still recovered when sampling only living taxa (Table S1), but these analyses
struggle to detect adaptive optima and regime shifts (Fig. S5, Table S2), replacing strongly
directional changes with much slower, nearly diffusive behaviors (Fig. 5). This is likely a
consequence of the reduced certainty and accuracy in the inference of ancestral states from
ultrametric trees (Ho and Ané 2013, 2014), which limits our ability to reconstruct the magnitude
and direction of evolutionary changes (Slater and Harmon 2013). The temporal record of body
size innovations (Fig. 4) is also impossible to uncover in the absence of fossils. Therefore, the
macroevolutionary dynamics recovered hinge on the incorporation of the unique paleontological
record of echinoids.
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5.7 FIGURES AND TABLES

Figure 1: Disparity-through-time of body size is not consistent with a Brownian motion. The
empirical pattern of relative disparity (blue) deviates significantly towards values that are larger
than expected, especially from the Jurassic onwards (dashed line is the median trajectory of
10,000 simulations; grey areas denote the 95% confidence interval).
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Figure 2: Macroevolutionary modeling reveals strong support for evolution across adaptive
landscapes. A. Approach followed to obtain alternative parameterizations of multi-OU models.
Black dots show the path followed by the forward (regime addition), backward (regime merging
until optimal AICc found) and extended (regime merging beyond optimal AICc) phases of
SURFACE in the mcc tree. Independent parameters (α and σ2) for each regime were then
361

optimized with OUwie for models with between 2 and 7 optima (the latter being the number
supported by SURFACE). If an AICc score is not shown, model fit was unreliable (e.g., neither
OUMVA nor OUMVAZ models with 5 to 7 regimes were successfully fit). Models incorporated
into model selection (Table 1) are identified with a cross. The AICc value of the highest fitting
non-uniform model (pulsed) is shown for comparison. B. Summary of model fit across 20
posterior topologies. Results for the same tree are connected by grey lines, median AICc values
are connected by a black line. Dots are colored according to the AICc weight attained by each
model for each topology. Across all trees, the added AICc weights of the OUM, OUMVA and
OUMVAZ models is 1.00. OUMVA(Z) models attained higher fit than the SURFACE output
across all trees sampled. These models also had systematically fewer regimes (see inset).
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Figure 3: Macroevolutionary history of echinoid body size. The four selective regimes supported
by the best-fit OUMVA model are painted on the mcc tree (terminal names are shown in Fig. S3).
Colored dots represent the inferred location of adaptive optima (± one standard error). Body size
is log10-scaled and shown relative to the value of the average optimum (4.08, see Table 2). Clade
names follow the nomenclature of Kroh (2020) and Mongiardino Koch and Thompson (2020).
The echinoids shown are members of each of the four adaptive regimes and are shown to scale.
From left to right (photo credit): Clypeaster rosaceus (J. Utrup), Hemicidaris intermedia (J.
Utrup), Palaeostoma mirabile (R. Mooi) and Echinocyamus crispus (T. Grun).
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Figure 4: Morphological disparity was driven by a late origin and accumulation of selective
regimes. A. Frequency of body sizes across inferred selective regimes. The grey area represents
the 95% confidence interval of sizes attainable by the average regime at equilibrium. B. Number
of selective regimes operating in the phylogeny through time. Dots represent results of individual
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replicates of stochastic character mapping (sampled at 3 Ma intervals); the color scales with
relative frequency (darker dots represent more frequent results). The blue line runs through the
median of all replicates and was smoothed using a generalized additive model. C. Rates of
change in the number of selective regimes estimated using a sliding window of width = 20 Ma.
The red line shows the median and grey areas represent the 80% confidence interval (all
smoothed using generalized additive models). The Cretaceous-Paleogene (K-Pg) boundary is
marked.
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Figure 5: Alternative characterizations of body size macroevolution in the presence (A) and
absence (B) of sampled fossils. Distributions show the disparity of body sizes under equilibrium
conditions for each selective regime. Their heights have been scaled to match the prevalence of
lineages within each regime. These are not adaptive landscapes, but rather expected outcomes of
morphological evolution on them. Results in panel B derive from the larger (74-taxon) extant tree
(see also Fig. S5 and Table S2).
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Table 1: Summary of model fit in the mcc tree. Whenever multiple options of a model were
explored, only the best one was included. Given differences between packages in the way of
counting the number of estimated parameters, AICc values were recalculated using log-likelihood
scores and the number of parameters shown. Values can therefore differ from those reported by
the corresponding programs. Asterisks mark non-uniform models. Models are ordered in
decreasing order of fit (Diff. = difference in AICc between a given model and the best-fit one).
The AICc weight of the best-fitting OUMVA model is 0.955.
Model

Number of

AICc

Diff.

parameters
*OUMVA (4 regimes)

12

255.4

0.0

*OUMVAZ (4 regimes)

13

261.5

6.1

*OUM (7 regimes)

9

289.0

33.6

*BMS (7 regimes)

7

357.2

101.8

Pulsed (NIG)

3

371.6

116.2

OU

2

373.2

117.9

BBMV

3

373.9

118.5

FPK

4

377.4

122.0

BBM

1

377.7

122.3

Trend

2

379.1

123.7

BM

1

381.0

125.6
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EB

2

383.0

127.6

White noise

1

420.0

164.6
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Table 2: Parameters of the best-fit OUMVA model. Residence time was calculated using
stochastic character mapping, and expressed as percentage of total tree length. “Diff. from
average” is the difference between the optimum of a given regime and that of the average one.
Values for selective optima correspond to log10-scaled biovolumes, expressed as cubic millimeters
or microliters. t1/2 = phylogenetic half-life, σ2/2α = expected variance at equilibrium, SE =
standard error.
Regime

θ ± SE

Diff. from

σ2

α

average
Gigantic

5.47 ± 0.14

24.8 times

t1/2

σ2/2α

(Ma)

# of

# of

Residence

origins

tips

time

2.13x10-3

0.017

41.4

0.064

7

24

15.2%

bigger
Average

4.08 ± 0.09

-

8.54x10-3

0.012

58.7

0.362

2a

106

71.8%

Small-bodied

2.85 ± 0.22

17.0 times

6.00x10-3

0.018

39.3

0.170

4

17

8.6%

5.66x10-5

0.023

30.0

0.001

7

11

4.4%

smaller
Miniature

1.91 ± 0.12

147.3 times
smaller

a

There is one reversal to the average regime within spatangoids (heart urchins); see Fig. 3.
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5.8 SUPPLEMENTARY INFORMATION
5.8.1 Properties of the body size dataset
Measurements of the length, width and height of the echinoid test are extremely common
in the primary literature, being commonly reported in taxonomic, paleontological and ecological
studies. This literature was systematically mined in order to obtain data for as many individuals
from the lineages included in the phylogeny as possible. In most cases data was gathered from the
same species used to code the morphological dataset, but occasionally a closely related species
was used instead (see SI File 2). Data were obtained from the text and tables of manuscripts,
measured from specimen photographs or illustrations (only when a scale factor was made
explicit), or automatically digitized from bivariate plots using WebPlotDigitizer (Rohatgi 2019).
Digital measurements of photographs and illustrations made use of the Page Ruler Chrome
extension to obtain pixel dimensions which were then scaled accordingly. Specimens described as
juveniles or immature, or as being either fractured or deformed, were excluded. Furthermore,
given the probability of immature specimens not being recognized as such, 10% of the
observations, representing the smallest specimens, were discarded for all species for which data
for more than 20 specimens were obtained. In total, measurements for 3,807 specimens were
gathered from 225 scientific publications referenced in SI File 2 next to the species for which
they contributed data. A fraction of this data includes measurements averaged across multiple
individuals, which is a common way of reporting the data (see below).
This data was further complemented with direct measurement of specimens deposited in
9 collections (6 museums): California Academy of Sciences (CAS, US) Invertebrate Zoology and
Geology, Museum of Comparative Zoology (MCZ, US) Invertebrate Paleontology and
Invertebrate Zoology, National History Museum (NHM, UK) Fossil Echinoderm, Smithsonian
National Museum of Natural History (NMNH, US) Paleobiology and Invertebrate Zoology,
Scripps Institution of Oceanography (SIO, US) Benthic Invertebrates, and Yale Peabody Museum
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of Natural History (YPM, US) Invertebrate Paleontology and Invertebrate Zoology collections. In
these collections, the length, width and height of a further 1,365 specimens were measured using
Vernier or digital calipers. Finally, 145 specimens were also digitally measured from photographs
deposited in online repositories, including The Echinoid Directory (Smith and Kroh 2011), the
digital repository of the Muséum National d'Histoire Naturelle (MNHN, France), and the World
Echinoidea Database (Kroh and Mooi 2020).
The final dataset contains measurements of the length, width and height of 5,317
specimens, expressed in mm to a precision of one decimal place. Among irregular echinoids, the
definition of these axes is straightforward, as the anus is displaced towards the posterior,
determining a plane of bilateral symmetry that is known as Lovén’s axis. The length of irregular
echinoids is thus always reported as the maximum distance along this axis, while their width and
height are the maximum distances along the other two perpendicular dimensions (left-right
distance and oral-aboral distance, respectively). Even though Lovén’s axis can also be recognized
in regular echinoids (Saucède et al. 2003), this is not useful from a morphometric perspective.
The test of these organisms exhibits pentaradial symmetry, and therefore only the test diameter
and height are reported in the literature. For these, the length and width of the specimen were
equated to its reported diameter. The total distance of the organisms across any plane that cuts the
organisms along the oral-aboral axis can therefore be considered an equally accurate estimate of
the true diameter. Therefore, for specimens in museum collections the total distance along a
random plane was used as an estimate of both the length and width. In case of regular echinoids
with evidently pentameral (rather than circular) test shapes, a random plane defined the length,
while its perpendicular distance was used for the width. Only in the case of tests of Echinometra
mathaei, which exhibits the ellipsoidal test morphology characteristic of Echinometridae, were
the length and width consistently measured along the major and minor axis of the test,
respectively. Note that the length and width for this species is not homologous to that of irregular
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echinoids, as it is offset with respect to Lovén’s axis (Grabowsky 1994). However, measuring
distances along Lovén’s axis in this case would significantly bias body size estimates. In spite of
not representing homologous axes, our definitions of length, width and height is the most
appropriate to capture the shape and size of the tests of all echinoids included.
The data was then transformed into a proxy for body size (biovolume) using the formula
for the volume of a regular ellipsoid (𝑉 = 𝜋⁄6 𝑙𝑤ℎ), which should, as a first approximation,
represent relatively accurately the volume contained within the test of the organisms. Biovolume
was then averaged by species and log10-transformed before running any analysis. The standard
errors of mean biovolumes were also estimated and used in the process of model fitting.
However, for 44 of the species included, individual observations taken from the literature already
represented averaged lengths, widths and heights across multiple specimens. For example, we
could not find intact specimens of the brittle deep sea holasteroid Pourtalesia jeffreysi in any of
the collections visited. The body size data for this terminal comes from one specimen
photographed in The Echinoid Directory (Smith and Kroh 2011), as well as measurements
reported in four publications. One of these (David 1983), reports the average measurements of
175 specimens. We are therefore very confident in the biovolume estimate for this species, as it is
averaged across a large number of specimens. However, estimation of the standard error in the
absence of knowledge on how this data is distributed can only be done assuming these constitute
a single observation, which would inflate standard errors by multiple orders of magnitude.
Instead, an exponential decay function was used to characterize the relationship between the
standard error of echinoid biovolume and the number of specimens measured. This relationship
was fit to all taxa for which observations came from individual specimens, and then used to
predict the standard error of the 44 species containing averaged observations (Fig. S1). This
approach also provides an estimate of the error for species with a single specimen, which is much
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higher (and more realistic) that using the mean standard error across all species, as used by some
(e.g., Ceccarelli et al. 2019).
The final dataset included body size estimates for 158 taxa, and the mcc tree and
posterior topologies were pruned to this sampling. Besides the three sea cucumber (holothuroid)
outgroups, six echinoid terminals were also removed, as no reliable estimates of size could be
obtained. These include the stem echinoids Archaeocidaris and Eotiaris, whose fossil record is
mostly composed of disarticulated material (Thompson et al. 2019), as they had totally or
partially flexible tests. Even though entire specimens are known, these specimens are normally
flattened (Thompson et al. 2019), and we decided against using equations to estimate their
volume (mostly as two other stem echinoids with better data quality were constraining the root
state regardless). Furthermore, the stem group atelostomate Acrolusia gauthieri is known from a
single fragmentary specimen (Mintz 1968), while we were unable to find reference to a single
complete specimen of Carnarechinus clypeatus, a deep sea holasteroid known mostly from
broken test fragments (Mironov 1993). Finally, body size was difficult to estimate for both
echinothurioids and micropygoids, as these taxa tend to collapse dorsoventrally when collected
due to the flexibility of their tests (see for example Anderson 2013). Even though we were able to
find a few observations of diameter and height for some of these terminals in the literature and in
nearly-intact specimens in collections, most of the data we gathered included only test diameters.
To estimate the height of these specimens, we derived an aspect ratio (height/length) from the few
complete observations, and supplemented these with aspect ratios obtained from photographs of
these taxa in their habitats. Aspect ratios were obtained from photographs housed in the media
archives of different deep sea exploration programs, including MBARI
(https://www.mbari.org/products/image-gallery/), OKEANOS
(https://oceanexplorer.noaa.gov/okeanos/explorations/ex1903/logs/photolog/welcome.html),
SEPRENT(http://archive.serpentproject.com/) and HURL
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(http://www.soest.hawaii.edu/HURL/HURLarchive/index.php). An average aspect ratio was then
use of calculate heights for observations that were missing it. However, no estimate of the test
height could be obtained for the echinothurioids Kamptosoma asterias and Paraphormosoma
alternans, and we thus decided to remove these two terminals.

5.8.2 Body size data
Lineages are identified using the terminal name shown in Fig. S3. If other than a species name,
then the species used for measurements is made explicit.
Abertella aberti –Specimens measured: 13. Body size: 5.04. Error: 0.0049. Sources: NMNH
Paleobiology, Clark and Twitchell (1915), Cooke (1942), Cooke (1959), Durham (1966),
Solovjev (2016).
Acropeltis aequituberculata – Specimens measured: 9. Body size: 2.82. Error: 0.0066.
Sources: MCZ Invertebrate Paleontology, NHM Fossil Echinoderm, Radwanska (1999),
Zuidema (1999), Smith and Kroh (2011).
Acrosalenia spinosa – Specimens measured: 49. Body size: 2.82. Error: 0.0022. Sources: MCZ
Invertebrate Paleontology, NMNH Paleobiology, YPM Invertebrate Paleontology, Cotteau
(1857–1876), Wright (1857-1878), Désor and de Loriol (1868-1872), Zuidema (1999),
Radwanska and Poirot (2010), Smith and Kroh (2011), Smith (2016).
Adelopneustes montainvillensis – Specimens measured: 10. Body size: 3.58. Error: 0.0042.
Sources: Endelman (1980), Jagt (2000), Smith and Jeffery (2000), Kroh (2001), Kroh (2004).
Aeropsis rostrata – Specimens measured: 23. Body size: 3.48. Error: 0.0021. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, YPM Invertebrate Paleontology. Kroh
(2004), Smith and Kroh (2011).
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Ammotrophus cyclius – Specimens measured: 1. Body size: 3.91. Error: 0.06. Sources: Smith
and Kroh (2011).
Anorthopygus orbicularis – Specimens measured: 18. Body size: 3.75. Error: 0.002. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, Cotteau and Triger (1857–1869), Cotteau
and Triger (1857–1869), Wagner and Durham (1966a), Gallemí Paulet (1992), Villalba Curras
(1993), El Qot et al. (2009), Smith and Kroh (2011), Abdelhamid (2014),
Antillaster – Species measured: Antillaster lamberti. Specimens measured: 3. Body size: 5.57.
Error: 0.012. Sources: NMNH Paleobiology, Cooke (1961), Kier (1984).
Apatopygus recens – Specimens measured: 20. Body size: 3.84. Error: 0.0049. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, SIO Benthic Invertebrate, YPM Invertebrate
Zoology, Brighton (1929), Kier (1974), Scurry (1979), Mooi (1990), Smith and Kroh (2011).
Arachnoidinae – Species measured: Arachnoides placenta. Specimens measured: 42. Body
size: 3.93. Error: 1.6e–05. Sources: MCZ Invertebrate Zoology, NMNH Invertebrate Zoology,
SIO Benthic Invertebrate, YPM Invertebrate Zoology, Chao (2000), Smith and Kroh (2011), Lee
et al. (2018).
Araeosoma – Species measured: Araeosoma fenestratum. Specimens measured: 36. Body size:
5.44. Error: 0.01. Sources: MCZ Invertebrate Zoology, Thompson (1872), Mortensen (1935),
Tyler and Gage (1984), Borrero–Pérez et al. (2002), Mironov (2006), Schultz (2015).
Arbacia lixula – Specimens measured: 28. Body size: 4.33. Error: 0.0022. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, YPM Invertebrate Zoology, Koehler (1921),
Markel (1976), Madeira et al. (2011), Smith and Kroh (2011), Repelin, Schultz (2015).
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Archiacia sandalina –Specimens measured: 22. Body size: 4.19. Error: 0.00088. Sources:
MCZ Invertebrate Paleontology, Kier (1966a), Villalba Curras (1993), Smith and Kroh (2011),
Abdelhamid (2014), Hewaidy et al. (2014).
Aspidodiadema jacobyi – Specimens measured: 25. Body size: 3.14. Error: 0.0055. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, Mortensen (1940), Borrero–Pérez et
al. (2002), Smith and Kroh (2011).
Asterostoma pawsoni – Specimens measured: 11. Body size: 5.15. Error: 0.008. Sources:
NMNH Paleobiology, Kier (1984), Smith and Kroh (2011).
Astriclypeus mannii – Specimens measured: 24. Body size: 4.88. Error: 0.0032. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, YPM Invertebrate Zoology, Morishita
(1953), Nisiyama (1968), Smith and Kroh (2011).
Breynia australasiae – Specimens measured: 20. Body size: 5.16. Error: 0.0044. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, Agassiz (1872–1874), Clark (1925),
Mortensen (1951), Fischer (1966), Smith and Kroh (2011), Schultz (2017).
Brisaster fragilis – Specimens measured: 50. Body size: 4.53. Error: 0.0013. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, YPM Invertebrate Zoology, Agassiz (1872–
1874), Serafi and Fell (1985), Smith and Kroh (2011), Schultz (2017).
Brissidae – Species measured: Meoma ventricosa. Specimens measured: 118. Body size: 5.74.
Error: 3.5e–12. Sources: YPM Invertebrate Zoology, Clark (1925), Cooke (1942), Mortensen
(1951), Chesher (1970), Tzompantzi et al. (1999), Schultz (2017).
Brissopsis – Species measured: Brissopsis atlantica. Specimens measured: 93. Body size: 4.82.
Error: 5.4e–10. Sources: Chesher (1968), Borrero–Pérez et al. (2002), Schultz (2017).

376

Caenopedina – Species measured: Caenopedina cubensis. Specimens measured: 9. Body size:
3.44. Error: 0.04. Sources: MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, Agassiz
(1872–1874), Mortensen (1940), Smith and Kroh (2011).
Calymne relicta – Specimens measured: 3. Body size: 3.88. Error: 0.00082. Sources:
Thompson (1877), Kier (1974), Saucède et al. (2009).
Cardiaster granulosus – Specimens measured: 20. Body size: 4.28. Error: 0.0052. Sources:
NMNH Paleobiology, Jagt and Michels (1986), Nietsch (1921), Gallemí Paulet (1992), Zuidema
(1999), Smith (2004).
Cassidulus caribaearum – Specimens measured: 20. Body size: 3.1. Error: 0.0066. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, NMNH Paleobiology, Clark (1925),
Krau (1954), Kier (1966b), Mooi (1990), Smith and Kroh (2011), Rodríguez–Barreras et al
(2012).
Cidarinae – Species measured: Eucidaris tribuloides. Specimens measured: 110. Body size:
4.07. Error: 1.8e–11. Sources: YPM Invertebrate Zoology.Cooke (1959), Mortensen (1928),
Repelin (1962), Kier (1974), Tzompantzi et al. (1999).
Claviaster libycus – Specimens measured: 3. Body size: 4.23. Error: 0.097. Sources: Zaghbib–
Turki (1981), Ali (2015).
Clypeaster rosaceus – Specimens measured: 46. Body size: 5.47. Error: 0.00086. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, SIO Benthic Invertebrate, YPM
Invertebrate Paleontology, YPM Invertebrate Zoology, Agassiz (1872–1874), Cotteau (1897),
Clark and Twitchell (1915), Clark (1925), Cooke (1959), Tzompantzi et al. (1999), Smith and
Kroh (2011), Schultz (2017).
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Clypeolampas ovatus – Specimens measured: 4. Body size: 4.95. Error: 0.0018. Sources:
NHM Fossil Echinoderm, NMNH Paleobiology, Kier (1966a), Smith and Kroh (2011).
Clypeus plotii – Specimens measured: 34. Body size: 5.19. Error: 7.8e–05. Sources: NMNH
Paleobiology, YPM Invertebrate Paleontology, M'Coy (1848), Wright (1857-1878), Cotteau and
Triger (1857–1869), Kier (1962), Zuidema (1999), Smith and Kroh (2011), Barras (2006).
Coelopleurus – Species measured: Coelopleurus equis. Specimens measured: 20. Body size:
3.44. Error: 0.0013. Sources: Duncan and Sladen (1882), Reguant et al. (1970), Carrasco and
Farrés (2001), Zuidema (1999), Smith and Kroh (2011).
Coenholectypus macropygus – Specimens measured: 84. Body size: 3.41. Error: 3.3e–09.
Sources: MCZ Invertebrate Paleontology, NMNH Paleobiology, Cotteau and Triger (1857–
1869), Savin (1905), Cooke (1955), Kier (1974), Gallemí Paulet (1992), Villalba Curras (1993),
Zuidema (1999), Villalba Curras (2002), Abdelhady (2007), Castro Manso and Costa Lemos
(2008), El Qot (2010), Smith and Kroh (2011), Abdelhamid (2014).
Collyrites ellipticus – Specimens measured: 27. Body size: 4.18. Error: 0.0024. Sources: MCZ
Invertebrate Paleontology, Cotteau and Triger (1857–1869), de Loriol (1890), Désor and de
Loriol (1868-1872), Zuidema (1999), Smith and Kroh (2011).
Conoclypus conoideus – Specimens measured: 23. Body size: 5.75. Error: 0.0017. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, YPM Invertebrate Paleontology,
Mitrovic–Petrovic (2001), Zuidema (1999), Mizuk (2010), Smith and Kroh (2011).
Conulus albogalerus – Specimens measured: 54. Body size: 4.3. Error: 0.00044. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, YPM Invertebrate Paleontology, Kier
(1974), Wagner and Durham (1966a), Van Diggelen (1989), Zuidema (1999), Smith and Kroh
(2011), Mukherjee (2012).
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Coraster villanovae – Specimens measured: 17. Body size: 3.43. Error: 0.0025. Sources: NHM
Fossil Echinoderm, NMNH Paleobiology, Kroh (2001), Kroh (2004), Smith and Kroh (2011).
Corystus – Species measured: Corystus disasteroides. Specimens measured: 124. Body size:
4.63. Error: 1e–12. Sources: NMNH Paleobiology, Foster and Philip (1976), Foster and Philip
(1978), Smith and Kroh (2011).
Ctenocidaris speciosa – Specimens measured: 28. Body size: 4.59. Error: 0.0011. Sources:
NMNH Invertebrate Zoology, Linse et al. (2008), Smith and Kroh (2011).
Cyclaster regalis – Specimens measured: 12. Body size: 5.1. Error: 0.00052. Sources: NMNH
Invertebrate Zoology, Baker (1969), Smith and Stockley (2005), Smith and Kroh (2011), Schultz
(2017).
Dendraster excentricus – Specimens measured: 44. Body size: 4.37. Error: 0.0042. Sources:
MCZ Invertebrate Paleontology, MCZ Invertebrate Zoology, NMNH Invertebrate Zoology,
NMNH Paleobiology, SIO Benthic Invertebrate, YPM Invertebrate Paleontology, Clark and
Twitchell (1915), Clark (1935), Mooi (1997), Zuidema (1999), Smith and Kroh (2011).
Desorella elata – Specimens measured: 9. Body size: 4.41. Error: 0.0089. Sources: MCZ
Invertebrate Paleontology, NHM Fossil Echinoderm, Cotteau (1857–1876), Fischer (1966),
Barras (2006), Smith and Kroh (2011).
Diadematidae – Species measured: Diadema savignyi. Specimens measured: 212. Body size:
4.8. Error: 2.1e–20. Sources: MCZ Invertebrate Paleontology, NHM Fossil Echinoderm,
Mortensen (1940), Coppard and Campbell (2006), Smith and Kroh (2011).
Diplocidaris gigantea – Specimens measured: 3. Body size: 4.97. Error: 0.051. Sources:
Barraclough Fell (1966a), Smith and Kroh (2011).
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Diplopodia pentagona – Specimens measured: 13. Body size: 3.09. Error: 0.0093. Sources:
NHM Fossil Echinoderm. M'Coy (1848), Wright (1857-1878), Désor and de Loriol (1868-1872),
Abdelhady (2007), Smith and Kroh (2011), Smith (2016).
Disaster granulosus – Specimens measured: 14. Body size: 3.48. Error: 0.0067. Sources:
Wright (1857-1878), Cotteau and Triger (1857–1869), Savin (1905), Désor and de Loriol (18681872), Jesionek–Szymanska (1963), Zuidema (1999), Barras (2006), Smith and Kroh (2011).
Discoides subuculus – Specimens measured: 80. Body size: 2.64. Error: 7.4e–09. Sources:
NMNH Paleobiology, YPM Invertebrate Paleontology, Cotteau and Triger (1857–1869), Smith et
al. (1988), Geys (1994), Zuidema (1999), Smith and Kroh (2011).
Echinarachnius parma – Specimens measured: 46. Body size: 4.19. Error: 0.0019. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, NMNH Paleobiology, SIO Benthic
Invertebrate, YPM Invertebrate Paleontology, Agassiz (1872–1874), Cooke (1959), Kier (1974),
Zuidema (1999), Smith and Kroh (2011).
Echinocardium – Species measured: Echinocardium cordatum. Specimens measured: 23. Body
size: 4.57. Error: 0.0034. Sources: MCZ Invertebrate Zoology, NMNH Invertebrate Zoology,
Clark (1925), Mortensen (1951), Fischer (1966), Nisiyama (1968), Kier (1974), Higgins (1975),
Zuidema (1999), Smith and Kroh (2011), Schultz (2017).
Echinocorys scutata – Specimens measured: 258. Body size: 4.61. Error: 2e–24. Sources:
YPM Invertebrate Paleontology, Lambert (1903), Nietsch (1921), Wind (1959), Wagner and
Durham (1966b), Strijbos (1997), Zuidema (1999), Kroh (2001), Smith (2004), Olszewska–
Nejbert (2007), Smith and Kroh (2011), Noorbakhsh Razmi et al. (2013), Ezampanah (2016).
Echinocyamus – Species measured: Echinocyamus pusillus. Specimens measured: 33. Body
size: 1.45. Error: 0.0045. Sources: NMNH Paleobiology. Koehler (1921), Wagner (1974),
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Zuidema (1999), Pereira (2008), Villalba Curras et al. (2007), Madeira et al. (2011), Smith and
Kroh (2011).
Echinolampadidae – Species measured: Echinolampas depressa. Specimens measured: 22.
Body size: 3.83. Error: 0.00088. Sources: Agassiz (1872–1874), Jeannet and Martin (1937),
Serafy (1979), Mooi (1990), Schultz (2017).
Echinometridae – Species measured: Echinometra mathaei. Specimens measured: 176. Body
size: 4.26. Error: 3e–17. Sources: YPM Invertebrate Zoology, Mortensen (1943b), Clark (1952),
Nisiyama (1966), Negretti et al. (1990), Zuidema (1999), Rahman and Uehara (2004), Kroh
(2005), Smith and Kroh (2011).
Echinoneus cyclostomus – Specimens measured: 51. Body size: 3.48. Error: 2.6e–06. Sources:
MCZ Invertebrate Paleontology, NMNH Invertebrate Zoology, NMNH Paleobiology, SIO
Benthic Invertebrate, YPM Invertebrate Paleontology, YPM Invertebrate Zoology, Cotteau
(1897), Clark (1925), Morishita (1964), Nisiyama (1966), Wagner and Durham (1966a), Kier
(1974), Donovan and Veale (1996), Tzompantzi et al. (1999), Chao (2000), Smith and Kroh
(2011), Rodríguez–Barreras et al (2013), Schultz (2017).
Echinus esculentus – Specimens measured: 62. Body size: 5.49. Error: 0.0012. Sources: MCZ
Invertebrate Zoology, Clark (1925), Mortensen (1943b), Nichols (1982), Smith and Kroh (2011),
Schultz (2015).
Emiratia raskhaimahensis – Specimens measured: 7. Body size: 3.86. Error: 0.01. Sources:
NHM Fossil Echinoderm, Smith and Kroh (2011), Vadet and Soudet (2016).
Eoscutella coosensis – Specimens measured: 4. Body size: 3.98. Error: 0.0082. Sources:
NMNH Paleobiology, Kew (1920).
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Eupatagus – Species measured: Eupatagus lymani. Specimens measured: 5. Body size: 4.04.
Error: 0.0091. Sources: Lindley (2003), Schultz (2017).
Eurypatagus ovalis – Specimens measured: 12. Body size: 4.58. Error: 0.011. Sources: CAS
Invertebrate Zoology and Geology, NMNH Invertebrate Zoology, Mortensen (1950), Fischer
(1966), Smith and Kroh (2011), Schultz (2017).
Faujasia – Species measured: Faujasia eccentripora. Specimens measured: 30. Body size:
3.47. Error: 0.009. Sources: Smith (1995), Smith and Kroh (2011).
Fibularia ovulum – Specimens measured: 21. Body size: 1.92. Error: 0.011. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, Agassiz (1872–1874), Clark (1925), Kier
(1964), Chao (2000), Jain (2002), Smith and Kroh (2011), Schultz (2017), Tanaka et al. (2019).
Fossulaster halli – Specimens measured: 39. Body size: 1.83. Error: 0.00068. Sources: Philip
and Foster (1971).
Galerites vulgaris – Specimens measured: 37. Body size: 4.39. Error: 0.0024. Sources: CAS
Invertebrate Zoology and Geology, NMNH Paleobiology, YPM Invertebrate Paleontology,
Nietsch (1921), Zuidema (1999), Smith and Kroh (2011).
Galeropygus sublaevis – Specimens measured: 36. Body size: 4.51. Error: 5.2e–05. Sources:
YPM Invertebrate Paleontology, M'Coy (1848), Wright (1857-1878), Kier (1962), Kier (1974),
Barras (2006), Thuy (2010), Smith and Kroh (2011).
Gauthieria radiata – Specimens measured: 52. Body size: 3.08. Error: 0.0043. Sources: MCZ
Invertebrate Paleontology, Smiser (1935), Barraclough Fell and Pawson (1966), Geys (1980),
Strijbos (1998), Smith and Kroh (2011), Schluter et al. (2015).
Glyphocyphus radiatus – Specimens measured: 35. Body size: 2.58. Error: 6.4e–05. Sources:
MCZ Invertebrate Paleontology, YPM Invertebrate Paleontology, Cotteau and Triger (1857–
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1869), Barraclough Fell and Pawson (1966), Smith et al. (1988), Zuidema (1999), Smith and
Kroh (2011).
Glypticus hieroglyphicus – Specimens measured: 38. Body size: 3.32. Error: 0.0022. Sources:
MCZ Invertebrate Paleontology, Cotteau (1857–1876), Wright (1857-1878), Cotteau and Triger
(1857–1869), Barraclough Fell and Pawson (1966), Baumeister and Leinfelder (1998), Zuidema
(1999), Courville (2010b), Smith and Kroh (2011), Saucède and Gendry (2013), Smith (2016).
Glyptocidaris crenularis – Specimens measured: 18. Body size: 4.62. Error: 0.0057. Sources:
NMNH Invertebrate Zoology, Agassiz (1872–1874), Mortensen (1935), Utinomi (1960), Smith
and Kroh (2011), Lee and Shin (2013).
Glyptodiadema granulatum – Specimens measured: 3. Body size: 2.97. Error: 0.11. Sources:
Wilson and Crick (1878), Barraclough Fell (1966b), Smith (2016).
Goniocidaris tubaria – Specimens measured: 38. Body size: 4.15. Error: 0.004. Sources: MCZ
Invertebrate Zoology, MNHN Marine Invertebrates, Mortensen (1928), Schultz (2015), Smith
and Kroh (2011).
Goniophorus lunulatus – Specimens measured: 24. Body size: 2.52. Error: 0.00059. Sources:
MCZ Invertebrate Paleontology, Schluter (1892), Barraclough Fell and Pawson (1966), Smith et
al. (1988), Zuidema (1999), Smith and Kroh (2011).
Haimea rutteni – Specimens measured: 27. Body size: 3.48. Error: 0.0025. Sources: NMNH
Paleobiology, Kier (1967), Smith and Kroh (2011).
Hemiaster bufo – Specimens measured: 38. Body size: 3.84. Error: 3.5e–05. Sources: MCZ
Invertebrate Paleontology, NMNH Paleobiology, YPM Invertebrate Paleontology, Cotteau and
Triger (1857–1869), Cooke (1946), Fischer (1966), Smith et al. (1988), Villalba Curras (1993),
Zuidema (1999), Courville (2011a), Smith and Kroh (2011).
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Hemicidaris intermedia – Specimens measured: 28. Body size: 4.02. Error: 0.0018. Sources:
MCZ Invertebrate Paleontology, YPM Invertebrate Paleontology, Wright (1857-1878), Désor and
de Loriol (1868-1872), Kier (1974), Radwanska (1999), Zuidema (1999), Smith and Kroh (2011),
Smith (2016).
Hemipneustes striatoradiatus – Specimens measured: 21. Body size: 5.3. Error: 0.0021.
Sources: MCZ Invertebrate Paleontology, NMNH Paleobiology, YPM Invertebrate Paleontology,
Kier (1974), Donovan et al. (2008), Zuidema (1999), Jagt (2000), Smith (2004), Donovan and
Jagt (2018).
Heterodiadema lybica – Specimens measured: 258. Body size: 3.74. Error: 2e–24. Sources:
MCZ Invertebrate Paleontology, Barraclough Fell and Pawson (1966), Ahmad and Al–Hammad
(2002), Abdelhady (2007), Geys (1989), Smith et al. (1990), Villalba Curras (1993), Zuidema
(1999), El Qot et al. (2009), El Qot (2010), Smith and Kroh (2011), Abdelhamid (2014), Hewaidy
et al. (2014), Abdelhamid et al. (2016).
Histocidaris elegans – Specimens measured: 24. Body size: 4.36. Error: 0.012. Sources: MCZ
Invertebrate Zoology, NMNH Invertebrate Zoology, Désor and de Loriol (1868-1872),
Mortensen (1928), Smith and Kroh (2011), Schultz (2015)
Histocidaris purpurata – Specimens measured: 11. Body size: 4.26. Error: 0.0035. Sources:
MCZ Invertebrate Zoology, Thompson (1872), Mortensen (1928), Smith and Kroh (2011),
Schultz (2015).
Holaster nodulosus – Specimens measured: 39. Body size: 4.2. Error: 2.9e–05. Sources: YPM
Invertebrate Paleontology, Cotteau and Triger (1857–1869), Smiser (1935), Wagner and Durham
(1966b), Smith et al. (1988), Strijbos (1997), Smith (2004), Smith and Kroh (2011)
Holectypus depressus – Specimens measured: 45. Body size: 3.77. Error: 8.5e–06. Sources:
MCZ Invertebrate Paleontology, YPM Invertebrate Paleontology, Wright (1857-1878), Cotteau
384

and Triger (1857–1869), Désor and de Loriol (1868-1872), Kier (1974), Zuidema (1999), Barras
(2006), Smith and Kroh (2011), Saucède and Gendry (2013).
Holosalenia batnensis – Specimens measured: 33. Body size: 3.17. Error: 9.6e–05. Sources:
MCZ Invertebrate Paleontology, El Qot (2010), Smith and Kroh (2011), El Qot et al (2016).
Hyboclypus – Species measured: Hyboclypus gibberulus. Specimens measured: 28. Body size:
4.16. Error: 0.00026. Sources: MCZ Invertebrate Paleontology, Wright (1857-1878), Cotteau
and Triger (1857–1869), Jesionek–Szymanska (1963), Barras (2006), Vadet and Nicolleau
(2008), Smith and Kroh (2011).
Hygrosoma petersii – Specimens measured: 18. Body size: 5.57. Error: 0.0084. Sources: MCZ
Invertebrate Zoology, YPM Invertebrate Zoology, Mortensen (1935), Kier (1974), Tyler and
Gage (1984), Mironov (2006), Smith and Kroh (2011), Schultz (2015)
Hyposalenia stellulata – Specimens measured: 10. Body size: 2.15. Error: 0.043. Sources:
MCZ Invertebrate Paleontology, NHM Fossil Echinoderm, NMNH Paleobiology, Schluter
(1892), Zuidema (1999), Smith and Kroh (2011).
Laganum – Species measured: Laganum decagonale. Specimens measured: 48. Body size: 3.37.
Error: 0.0016. Sources: SIO Benthic Invertebrate, YPM Invertebrate Zoology, Gregory (1892),
Clark (1925), Mortensen (1948).
Lovenia elongata – Specimens measured: 14. Body size: 4.31. Error: 0.014. Sources: MCZ
Invertebrate Zoology, Agassiz (1872–1874), Clark (1925), Morishita (1969), Ferber (1976),
Smith and Stockley (2005), Smith and Kroh (2011), Schultz (2017).
Macropneustes – Species measured: Macropneustes mortoni. Specimens measured: 7. Body
size: 5.27. Error: 0.0026. Sources: NHM Fossil Echinoderm, NMNH Paleobiology, Clark and
Twitchell (1915), Heller and Bryan (1992), Smith and Kroh (2011).
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Maretia planulata – Specimens measured: 32. Body size: 4.08. Error: 0.0031. Sources: MCZ
Invertebrate Zoology, SIO Benthic Invertebrate, Agassiz (1872–1874), Clark (1925), Mortensen
(1951), Fischer (1966), Nisiyama (1968), Smith and Kroh (2011), Ali (2017), Schultz (2017).
Megapneustes grandis – Specimens measured: 3. Body size: 5.4. Error: 0.017. Sources:
Fourtau (1900), Fischer (1966), Smith and Kroh (2011).
Mellita – Species measured: Mellita quinquiesperforata. Specimens measured: 129. Body size:
4.77. Error: 3.8e–13. Sources: SIO Benthic Invertebrate, YPM Invertebrate Paleontology, YPM
Invertebrate Zoology, Clark and Twitchell (1915), Serafy (1979), Zuidema (1999), Coppard
(2016).
Micraster coranguinum – Specimens measured: 65. Body size: 4.56. Error: 0.00058. Sources:
MCZ Invertebrate Paleontology, YPM Invertebrate Paleontology, Cotteau and Triger (1857–
1869), Rowe (1899), Fischer (1966), Stokes (1971), Kier (1974), Van Diggelen (1989),
Olszewska–Nejbert (2007), Smith and Kroh (2011), Noorbakhsh Razmi et al. (2013).
Micropyga tuberculata – Specimens measured: 17. Body size: 5.27. Error: 0.003. Sources:
CAS Invertebrate Zoology and Geology, NMNH Invertebrate Zoology, Clark (1925), Mortensen
(1940), Smith and Kroh (2011).
Monophoraster darwini – Specimens measured: 14. Body size: 4.49. Error: 0.001. Sources:
NMNH Paleobiology, Mooi et al. (2000).
Neolaganum – Species measured: Neolaganum durhami. Specimens measured: 27. Body size:
3.16. Error: 0.0024. Sources: NMNH Paleobiology, YPM Invertebrate Paleontology, Cooke
(1959).
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Neolampas rostellata – Specimens measured: 10. Body size: 2.48. Error: 0.0084. Sources:
CAS Invertebrate Zoology and Geology, MCZ Invertebrate Zoology, Thompson (1872), Agassiz
(1880), Fischer (1966), Mooi (1990), Smith and Kroh (2011).
Nucleolites scutatus – Specimens measured: 76. Body size: 3.59. Error: 1.7e–08. Sources:
MCZ Invertebrate Paleontology, Cotteau (1857–1876), Wright (1857-1878), Cotteau and Triger
(1857–1869), Kier (1962), Kier (1966a), Kier (1974), Scurry (1979), Radwanska (1999), Barras
(2006), Vadet and Nicolleau (2010a), Saucède and Gendry (2013).
Oligopygus – Species measured: Oligopygus haldemani. Specimens measured: 35. Body size:
3.52. Error: 0.0025. Sources: NMNH Paleobiology, YPM Invertebrate Paleontology, Clark and
Twitchell (1915), Cooke (1959), Cooke (1961).
Orthopsis miliaris – Specimens measured: 55. Body size: 3.51. Error: 1.1e–06. Sources: MCZ
Invertebrate Paleontology, Cotteau and Triger (1857–1869), Smiser (1935), Geys and Jagt
(1986), Smith and Bengtson (1991), Geys (1992), Smith (1995), Zuidema (1999), Jagt (2000),
Castro Manso and Costa Lemos (2008), Balmaki et al. (2010), El Qot (2010), Smith and Kroh
(2011), Abdelhamid and Azab (2012), El Qot et al (2016).
Ovulaster – Species measured: Ovulaster protodecimae. Specimens measured: 4. Body size:
4.21. Error: 0.0024. Sources: Giusberti et al. (2005).
Palaeostoma mirabile – Specimens measured: 14. Body size: 2.62. Error: 0.0083. Sources:
CAS Invertebrate Zoology and Geology, Loven (1867), Koehler (1914), Clark (1925), Kier
(1974), Schultz (2017).
Palaeotropus josephinae – Specimens measured: 2. Body size: 2.9. Error: 0.036. Sources:
Koehler (1909), Schultz (2017).
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Paleopneustes cristatus – Specimens measured: 49. Body size: 5.51. Error: 3.8e–06. Sources:
Mortensen (1950), Fischer (1966), Chesher (1968), Borrero–Pérez et al. (2002), Smith and Kroh
(2011), Schultz (2017).
Parechinidae – Species measured: Paracentrotus lividus. Specimens measured: 35. Body size:
4.46. Error: 0.0034. Sources: YPM Invertebrate Zoology, Agassiz (1872–1874), Bell (1881),
Clark (1925), Mortensen (1943b).
Parasalenia gratiosa – Specimens measured: 22. Body size: 3.53. Error: 0.0035. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology.
Pelanechinidae – Species measured: Pelanechinus corallina. Specimens measured: 7. Body
size: 5.11. Error: 0.06. Sources: Wright (1857-1878), Keeping (1878), Groom (1887),
Barraclough Fell (1966b), Smith (2015).
Periaster elatus – Specimens measured: 5. Body size: 3.67. Error: 0.061. Sources: NHM Fossil
Echinoderm, Cotteau and Triger (1857–1869), Fischer (1966), Smith and Kroh (2011).
Pericosmus – Species measured: Pericosmus latus. Specimens measured: 10. Body size: 4.73.
Error: 0.01. Sources: NHM Fossil Echinoderm, NMNH Paleobiology, Fourtau (1900), Fischer
(1966), Kroh (2005), Pereira (2008), Smith and Kroh (2011), Stara and Borghi (2012)
Phormosoma placenta – Specimens measured: 58. Body size: 4.86. Error: 0.0013. Sources:
MCZ Invertebrate Zoology, YPM Invertebrate Zoology, Thompson (1872), Bell (1889),
Mortensen (1935), Tyler and Gage (1984), Borrero–Pérez et al. (2002), Mercier et al. (2011),
Schultz (2015), WoRMS Editorial Board (2020).
Phyllacanthus – Species measured: Phyllacanthus imperialis. Specimens measured: 8. Body
size: 4.99. Error: 0.0087. Sources: CAS Invertebrate Zoology and Geology, Clark (1925),
Mortensen (1928), Smith and Kroh (2011).
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Phymosoma – Species measured: Phymosoma abbatei. Specimens measured: 54. Body size:
2.9. Error: 1.4e–06. Sources: Abdelhamid and Azab (2012), El Qot et al. (2009), Abdelhamid
(2015).
Plesiaster peini – Specimens measured: 8. Body size: 4.54. Error: 0.012. Sources: NHM Fossil
Echinoderm, Gauthier (1889), Smith and Kroh (2011).
Plesiolampas placenta – Specimens measured: 10. Body size: 4.24. Error: 0.0014. Sources:
NHM Fossil Echinoderm, Duncan and Sladen (1882), Kier (1966a), Smith and Kroh (2011).
Plexechinidae – Species measured: Plexechinus cinctus. Specimens measured: 6. Body size: 3.
Error: 0.043. Sources: MCZ Invertebrate Zoology, Agassiz (1904), Mooi and David (1996),
Wagner and Durham (1966b).
Pliolampas vassalli – Specimens measured: 8. Body size: 3.83. Error: 0.0085. Sources: NHM
Fossil Echinoderm. Kier (1962), Kroh (2005), Smith and Kroh (2011).
Polycidaris – Species measured: Polycidaris suevica. Specimens measured: 2. Body size: 4.56.
Error: 0.031. Sources: Désor and de Loriol (1868-1872).
Polydiadema mamillanum – Specimens measured: 12. Body size: 3.35. Error: 0.0081. Sources:
NHM Fossil Echinoderm, Cotteau (1857–1876), Wright (1857-1878), Zuidema (1999), Smith and
Kroh (2011), Smith (2016).
Pourtalesia jeffreysi – Specimens measured: 179. Body size: 3.75. Error: 1.6e–17. Sources:
Thompson (1872), Kier (1974), David (1983), Smith and Kroh (2011), Schultz (2017).
Prenaster alpinus – Specimens measured: 54. Body size: 3.47. Error: 0.00056. Sources: MCZ
Invertebrate Paleontology, NMNH Paleobiology, Fischer (1966), Mizuk (2010), Smith and Kroh
(2011), Mizuk and Soster (2016).
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Protoscutella – Species measured: Protoscutella mississippiensis. Specimens measured: 37.
Body size: 3.96. Error: 4.3e–05. Sources: YPM Invertebrate Paleontology, Clark and Twitchell
(1915), Cooke (1959), Kier (1980).
Pseudholaster – Species measured: Pseudholaster latissimus. Specimens measured: 26. Body
size: 4.22. Error: 0.0019. Sources: Villalba Curras (1993).
Pseudodiadema pseudodiadema – Specimens measured: 11. Body size: 4.4. Error: 0.011.
Sources: MCZ Invertebrate Paleontology, NMNH Paleobiology, Cotteau (1857–1876), Wright
(1857-1878), Courville (2011b), Smith and Kroh (2011), Saucède and Gendry (2013), Smith
(2016).
Pseudosalenia aspera – Specimens measured: 15. Body size: 3.28. Error: 0.0036. Sources:
NHM Fossil Echinoderm, NMNH Paleobiology, YPM Invertebrate Paleontology, de Loriol
(1890), Désor and de Loriol (1868-1872), Barraclough Fell and Pawson (1966), Zuidema (1999),
Smith and Kroh (2011).
Pygaster semisulcatus – Specimens measured: 44. Body size: 4.78. Error: 1e–05. Sources:
MCZ Invertebrate Paleontology, YPM Invertebrate Paleontology, Désor (1855-1858), Cotteau
(1857–1876), Cotteau and Triger (1857–1869), Wright (1857-1878), Désor and de Loriol (18681872), Barraclough Fell (1966b), Kier (1974), Radwanska (1999), Zuidema (1999), Barras
(2006), Smith and Kroh (2011).
Pygaulus desmoulinsii – Specimens measured: 25. Body size: 3.67. Error: 0.0031. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, Savin (1905), Kier (1962), Kier (1966a),
Villalba Curras (1993), Zuidema (1999), Smith and Kroh (2011).
Pygorhytis ringens – Specimens measured: 43. Body size: 3.44. Error: 1.3e–05. Sources: MCZ
Invertebrate Paleontology, Cotteau (1857–1876), Wright (1857-1878), Cotteau and Triger (1857–
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1869), de Loriol (1890), Jesionek–Szymanska (1963), Wagner and Durham (1966b), Zuidema
(1999), Barras (2006), Smith and Kroh (2011).
Rhabdocidaris orbignyana – Specimens measured: 16. Body size: 4.93. Error: 0.015. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, Cotteau (1857–1876), de Loriol (1890),
Barraclough Fell (1966a), Radwanska (1999), Zuidema (1999).
Roseicidaris – Species measured: Roseicidaris rebouli. Specimens measured: 2. Body size:
4.52. Error: 0.17. Sources: Vadet and Nicolleau (2005), Smith and Kroh (2011).
Rotula deciesdigitatus – Specimens measured: 23. Body size: 3.92. Error: 0.0019. Sources:
CAS Invertebrate Zoology and Geology, MCZ Invertebrate Zoology, YPM Invertebrate Zoology,
Smith and Kroh (2011).
Salenia petalifera – Specimens measured: 39. Body size: 3.07. Error: 2.9e–05. Sources: MCZ
Invertebrate Paleontology, Schluter (1892), Smiser (1935), Smith et al. (1988), Strijbos (1998),
Zuidema (1999), Smith and Kroh (2011).
Salenocidaris varispina – Specimens measured: 43. Body size: 2.1. Error: 0.0011. Sources:
MCZ Invertebrate Zoology, Mortensen (1935).
Schizasteridae – Species measured: Abatus cordatus. Specimens measured: 9. Body size: 4.02.
Error: 0.014. Sources: Koehler (1917), Schultz (2017).
Scutaster andersoni – Specimens measured: 2. Body size: 3.91. Error: 0.005. Sources: Pack
(1909), Pack (1913).
Scutella subrotunda – Specimens measured: 15. Body size: 4.64. Error: 0.0013. Sources: MCZ
Invertebrate Paleontology, NMNH Paleobiology, Wright (1855), Durham (1953), Durham
(1966), Smith and Kroh (2011).
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Scutellina lenticularis – Specimens measured: 20. Body size: 1.91. Error: 0.0034. Sources:
NMNH Paleobiology, YPM Invertebrate Paleontology, Zuidema (1999), Smith and Kroh (2011).
Scutellinoides patella – Specimens measured: 17. Body size: 2. Error: 0.0082. Sources: NHM
Fossil Echinoderm, NMNH Paleobiology.
Serpianotiaris coaeva – Specimens measured: 2. Body size: 3.51. Error: 0.054. Sources:
Hagdorn (1995).
Sinaechinocyamus mai – Specimens measured: 47. Body size: 1.93. Error: 5.7e–06. Sources:
Chao (2000), Smith and Kroh (2011), Schultz (2017).
Somaliaster magniventer – Specimens measured: 3. Body size: 4.02. Error: 0.075. Sources:
Wagner and Durham (1966b), Kier (1972), Smith and Kroh (2011).
Spatangus purpureus – Specimens measured: 24. Body size: 5.16. Error: 0.0062. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, Agassiz (1872–1874), Bell (1889),
Clark (1925), Kier (1974) , Zuidema (1999), Smith and Kroh (2011), Schultz (2017).
Sperosoma – Species measured: Sperosoma obscurum. Specimens measured: 49. Body size:
6.1. Error: 0.0014. Sources: Mortensen (1935), Schultz (2015), Anderson (2016).
Stegaster gillieroni – Specimens measured: 1. Body size: 3.4. Error: 0.06. Sources: Smith and
Kroh (2011).
Stenonaster tuberculata – Specimens measured: 18. Body size: 4.63. Error: 0.0011. Sources:
CAS Invertebrate Zoology and Geology, MCZ Invertebrate Paleontology, NHM Fossil
Echinoderm, Wagner and Durham (1966b), Villalba Curras (1993), Zuidema (1999), Smith and
Kroh (2011).
Stereocidaris – Species measured: Stereocidaris sceptriferoides. Specimens measured: 11.
Body size: 4.1. Error: 0.016. Sources: Mortensen (1928), McKnight (1993), Schultz (2015).
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Sternotaxis plana – Specimens measured: 25. Body size: 4.28. Error: 0.00048. Sources:
Nietsch (1921), Van Diggelen (1989), Strijbos (1997), Zuidema (1999), Olszewska–Nejbert
(2007), Smith and Kroh (2011).
Stigmatopygus pulchellus – Specimens measured: 9. Body size: 4.35. Error: 0.0056. Sources:
Smith (1995), Smith and Kroh (2011).
Stomechinus bigranularis – Specimens measured: 42. Body size: 4.05. Error: 0.0043. Sources:
MCZ Invertebrate Paleontology, NMNH Paleobiology, Wright (1857-1878), Kier (1974), Vadet
and Nicolleau (2010b), Smith and Kroh (2011), Smith (2016).
Stomopneustes variolaris – Specimens measured: 35. Body size: 4.94. Error: 0.0033. Sources:
MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, YPM Invertebrate Zoology, Agassiz
(1872–1874), Bell (1881), Clark (1925), Mortensen (1935), Giese et al. (1964), Smith and Kroh
(2011).
Strongylocentrotus – Species measured: Strongylocentrotus droebachiensis. Specimens
measured: 74. Body size: 4.69. Error: 0.001. Sources: MCZ Invertebrate Zoology, YPM
Invertebrate Paleontology, YPM Invertebrate Zoology, Agassiz (1872–1874), Bell (1881), Clark
and Twitchell (1915), Clark (1925), Mortensen (1943b), Cooke (1959), Utinomi (1960), Smith
and Kroh (2011).
Stylocidarinae – Species measured: Stylocidaris lineata. Specimens measured: 8. Body size: 4.
Error: 0.0069. Sources: Borrero–Pérez et al. (2002).
Temnopleurus toreumaticus – Specimens measured: 64. Body size: 4.05. Error: 1.9e–07.
Sources: MCZ Invertebrate Paleontology, NMNH Paleobiology, Agassiz (1872–1874), Clark
(1925), Mortensen (1943a), Smith and Kroh (2011), Hegde and Rivonker (2013).

393

Tithonia convexa – Specimens measured: 7. Body size: 4.11. Error: 0.011. Sources: Wagner
and Durham (1966b), Villalba Curras (1993), Zuidema (1999), Smith and Kroh (2011).
Toxaster retusus – Specimens measured: 54. Body size: 3.98. Error: 1.4e–06. Sources: NMNH
Paleobiology, Fischer (1966), Gervais et al. (1974), Zuidema (1999), Smith and Kroh (2011).
Toxopneustidae – Species measured: Toxopneustes pileolus. Specimens measured: 39. Body
size: 5.18. Error: 0.0034. Sources: MCZ Invertebrate Zoology, NMNH Invertebrate Zoology,
Agassiz (1872–1874), Mortensen (1943a), Smith and Kroh (2011).
Triadotiaris grandaevus – Specimens measured: 1. Body size: 4.65. Error: 0.06. Sources:
Hagdorn (1995).
Trigonocidaris albida – Specimens measured: 19. Body size: 2.13. Error: 0.0059. Sources:
NMNH Invertebrate Zoology, YPM Invertebrate Zoology, Mortensen (1943a), Borrero–Pérez et
al. (2002), Smith and Kroh (2011).
Tylocidaris ohshimai – Specimens measured: 6. Body size: 3.99. Error: 0.0079. Sources: CAS
Invertebrate Zoology and Geology, Ikeda (1935), Smith and Kroh (2011).
Typocidaris malum – Specimens measured: 5. Body size: 4.08. Error: 0.009. Sources: Villalba
Curras (1993), Masrour et al. (2004), Smith and Kroh (2011).
Unifascia carolinensis – Specimens measured: 11. Body size: 4.28. Error: 0.014. Sources:
NMNH Paleobiology, Cooke (1959), Fischer (1966), Kier (1980).
Urechinidae – Species measured: Urechinus naresianus. Specimens measured: 15. Body size:
4.26. Error: 0.021. Sources: MCZ Invertebrate Zoology, NMNH Invertebrate Zoology, Clark
(1925), Wagner and Durham (1966b), Kier (1974), David and Mooi (1990), Smith (2004),
Filander and Griffiths (2017), Schultz (2017).
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Zeuglopleurus costulatus – Specimens measured: 4. Body size: 2.38. Error: 0.028. Sources:
Schluter (1892), Lewis (1949), Barraclough Fell and Pawson (1966), Smith and Kroh (2011).
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5.9 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Approach to estimate body size measurement error. For 44 of the terminals
sampled (27.8%), the dataset included observations of body sizes taken from the primary
literature that averaged data across multiple individuals, sometimes even hundreds (see SI
File 1 for further detail). Estimation of the standard errors of the mean for these terminals
would require taking these observations as coming from one individual, inflating standard
errors and increasing uncertainty. Instead, an exponential decay function (red) was fitted
to the standard error of species for which all observations came from individual
specimens. This function was used to predict the standard error of the 44 taxa with
individual observations derived from multiple individuals. A common alternative
approach, fixing these to the mean standard error (blue), does not account for the reduced
uncertainty obtained with increasing number of measurements, and can therefore either
underestimate or overestimate uncertainty. This approach also provides a meaningful
constraint on the expected error of terminals with a single observation, which cannot be
estimated otherwise.
413

Figure S2: OUM model obtained using the SURFACE algorithm. The model includes 7
regimes, shown in different colors. Body sizes of terminals (log10 transformed) are shown
with small dots, adaptive optima (θ) with large ones. One optimum is unrealistic,
implying attraction to body sizes more than 4 orders of magnitude larger than the largest
sampled echinoid. The terminal in question has a shallow divergence with its sister clade,
forcing the model to accommodate a rapid change with σ2 and α that are average across
the entire tree.
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Figure S3: Optimal OUMVAZ model found in the process of model selection. The tree is
identical to that of Figure 3 but shows the names of terminals used for body size
estimation.
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Figure S4: Disparity-through-time for extant only trees (blue: 59 taxa, red: 74 taxa).
Both trees show the same positive and significant deviation (both P < 0.02) of disparity
as the analyses that incorporate fossils (Fig. 1), although the magnitude of this deviation
is smaller.
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Figure S5: Optimal two-peak OUMVA model for the extant trees containing 74 (left)
and 59 (right) taxa. Both models are very similar (see Table S2 for model parameters),
incorporating a generalized ancestral regime that includes most species, and three/four
origins of miniaturization (solid red, see Fig. 5). Eleven clades (dashed branches) inferred
to be in derived regimes in the analysis of the full topology (Figs. 3 and S3) are placed
within the broad ancestral regime instead.
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Table S1: Summary of model fit in the subsampled extant trees. Models are ordered in
decreasing order of fit (Diff. = difference in AICc between a given model and the best-fit
one).
59 extant taxa

74 extant taxa

Model

AICc

Diff.

wAICc

Model

AICc

Diff.

wAICc

OUMVA (2 regimes)

173.5

0.0

0.961

OUMVA (2 regimes)

138.2

0.0

0.999

OUM (5 regimes)

180.3

6.8

0.033

BMS (4 regimes)

152.6

14.4

-

BMS (5 regimes)

183.4

9.9

0.007

OUM (4 regimes)

156.4

18.2

-

OU

195.2

21.7

-

OU

165.2

27.0

-

BBMV

196.9

23.4

-

BBMV

165.9

27.7

-

Trend

198.1

24.6

-

Trend

168.4

30.2

-

Pulsed

198.5

25.0

-

FPK

169.6

31.4

-

BBM

200.3

26.8

-

Pulsed

169.7

31.5

-

FPK

200.8

27.3

-

BBM

170.2

32.0

-

BM

203.2

29.7

-

BM

172.5

34.5

-

EB

205.3

31.8

-

White

173.0

35.0

-

White

206.7

33.2

-

EB

174.7

36.7

-
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Table S2: Parameters of the two-peak OUMVA models recovered for both extant-only
topologies combining OUwie with the extended phase of SURFACE. Models slightly
differ in parameter values, but are nearly identical in terms of evolutionary implications
and taxon assignments (see also Figs. S5 and S6). t1/2 = phylogenetic half-life, σ2/2α =
expected variance at equilibrium, SE = standard error.
59 extant taxa
Regime

θ ± SE

σ2

α

t1/2 (Ma)

σ2/2α

# of origins

Generalized

4.28 ± 0.16

1.13x10-2

0.009

73.8

0.6760

1

Miniature

2.01 ± 0.09

3.81x10-6

0.027

26.6

0.0001

4

74 extant taxa
Regime

θ ± SE

σ2

α

t1/2 (Ma)

σ2/2α

# of origins

Generalized

4.09 ± 0.17

1.04x10-2

0.007

94.5

0.7116

1

Miniature

1.76 ± 0.19

2.84x10-6

0.024

28.5

0.0001

3
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CHAPTER 6 – Phylogenomic subsampling and the search for
phylogenetically reliable loci

6.1 ABSTRACT
Phylogenomic subsampling is a procedure by which small sets of loci are selected from
large genome-scale datasets and used for phylogenetic inference. This step is often motivated by
either computational limitations associated with the use of complex inference methods, or as a
means of testing the robustness of phylogenetic results by discarding loci that are deemed
potentially misleading. Although many alternative methods of phylogenomic subsampling have
been proposed, little effort has gone into comparing their behavior across different datasets. Here,
I calculate multiple gene properties for a range of phylogenomic datasets spanning animal, fungal
and plant clades, uncovering a remarkable predictability in their patterns of covariance. I also
show how these patterns provide a means for ordering loci by both their rate of evolution and
their relative phylogenetic usefulness. This method of retrieving phylogenetically useful loci is
found to be among the top performing when compared to alternative subsampling protocols.
Relatively common approaches such as minimizing potential sources of systematic bias or
increasing the clock-likeness of the data are found to fare worse than selecting loci at random.
Likewise, the general utility of rate-based subsampling is found to be limited: loci evolving at
both low and high rates are among the least effective, and even those evolving at optimal rates
can still widely differ in usefulness. This study shows that many common subsampling
approaches introduce unintended effects in off-target gene properties, and proposes an alternative
multivariate method that simultaneously optimizes phylogenetic signal while controlling for
known sources of bias.
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6.2 INTRODUCTION
During the last decades, molecular datasets composed of thousands of genes have
become common. Although a few phylogenetic questions have remained uncertain even in the
face of such large datasets (King and Rokas 2017; Smith, et al. 2020), phylogenomics has greatly
improved our understanding of the structure of the tree of life (Dunn, et al. 2008; Spang, et al.
2015; Burki, et al. 2020), the timing of origin of major clades (dos Reis, et al. 2012), and the
changes in genomic architecture associated with key evolutionary transitions (Paps and Holland
2018; Fernández and Gabaldón 2020). At the same time, the analysis of phylogenomic datasets
has posed numerous novel challenges. These range from a high prevalence of genes whose
evolutionary histories deviate from that of the group of species under study (such as results from
events of paralogy, incomplete lineage sorting and hybridization, among others), to an
accumulation of non-phylogenetic signals as a product of heterogeneities in evolutionary
processes. While many of these issues can be alleviated by implementing more complex models
of molecular evolution, computational limitations often preclude their use with entire
phylogenomic datasets (Simion, et al. 2020).
Phylogenomic subsampling is a common procedure to alleviate these issues (Meyer, et al.
2011; Chen, et al. 2015; Edwards 2016; Simmons, et al. 2016; Molloy and Warnow 2018;
Mongiardino Koch 2019). By focusing on a small fraction of genes that are considered more
reliable, contentious or unstable nodes can be tested, and the effects of potentially confounding
factors such as missing data and saturation can be disentangled (Fernández, et al. 2014; Sharma,
et al. 2014; Borowiec, et al. 2015; Kocot, et al. 2017; Mongiardino Koch, et al. 2018; Stiller, et al.
2020). Smaller datasets are also amenable to analysis using more complex and computationally
demanding approaches, including inference under site heterogenous and multispecies coalescent
models (Whelan, et al. 2015; Thawornwattana, et al. 2018; Ballesteros, et al. 2019; Marlétaz, et
al. 2019). Phylogenomic subsampling can therefore reduce heterogeneities in the dataset and
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improve model fit, producing results that are often preferred. The same logic applies to
divergence-time estimation, where subsampling can be used to both alleviate computational
burden and produce more accurate results (Dornburg, et al. 2014; Smith, et al. 2018; Carruthers,
et al. 2020; Mongiardino Koch and Thompson 2021).
Given these benefits, multiple subsampling protocols have been proposed. While sharing
a common goal of retrieving phylogenetically reliable loci (throughout, used interchangeably with
genes), they have often employed—and sought to optimize—entirely different criteria. These can
either be a measure of information quantity, such as the length of the alignment or its proportion
of missing data/occupancy (e.g., Hosner, et al. 2016; Foley, et al. 2019), or a variable reflecting
information quality. Among the latter, common approaches include the selection of loci with high
levels of phylogenetic signal (e.g., Salichos and Rokas 2013) and the removal of those potentially
affected by systematic biases (e.g., Nesnidal, et al. 2010). However, multiple sources of bias are
known (Kapli, et al. 2021) and different proxies for signal have been employed (Salichos and
Rokas 2013; Salichos, et al. 2014; Arcila, et al. 2017; Philippe, et al. 2019; Vankan, et al. 2020),
and the downstream consequences of choosing among these are largely unknown. This is further
complicated by the fact that sources of bias and proxies for signal can be strongly correlated
(Mongiardino Koch and Thompson 2021), such that the optimization of either dimension
individually modifies the other in potentially unintended ways. As a consequence, it remains
unclear if these alternatives (retaining “good” genes vs. discarding “bad” ones) converge on a
similar pool of reliable loci, and if not, whether one systematically outperforms the other. It is
also uncertain whether subsampling approaches favored when dealing with notoriously
complicated phylogenetic questions are useful for datasets that lack any obvious sign of issues.
Ultimately, levels of both signal and noise are manifestations of underlying differences in
rates of evolution. Rate-based subsampling is therefore also common, but there seems to be little
consensus on how it should be implemented: studies have variously supported the use of
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molecular data that evolve at fast, intermediate or slow rates, as well as the generation of
partitions with homogenous rates (e.g., Cummins and McInerney 2011; Rota-Stabelli, et al. 2011;
Fernández, et al. 2014; Sharma, et al. 2014; Telford, et al. 2014; Sharma, et al. 2015; Streicher, et
al. 2018; Rangel and Fournier 2019; Evangelista, et al. 2021; Li, et al. 2021). These studies have
also relied on different types of rate estimates—including tree- and alignment-based metrics of
substitution rates, measures of character similarity and compatibility, and proportions of
variable/informative sites—as well as different units of measurement (sites or loci). Furthermore,
the discovery of appropriate rates of evolution can be complicated by heterogeneities among sites
and lineages that are often not accounted for (Dornburg, et al. 2019). An alternative method
involves using some notion of the relationships among the taxa under study (including topology
and branch lengths in units of time) to predict the likely behavior of data evolving under differing
rates (Townsend 2007; Townsend, et al. 2012; Su and Townsend 2015). This approach, termed
phylogenetic informativeness (PI), can be used to quantify the expected probabilities of sites
contributing towards correctly or incorrectly resolving a given quartet, guiding the discovery of
particularly useful genes (e.g., Alda, et al. 2019; Bellot, et al. 2020).
While many studies have optimized just one of these properties, others have devised
complicated subsampling schemes intended to find loci that satisfy a number of requisites. In the
majority of cases, this is performed by iteratively removing data based on a number of rules (e.g.,
Fernández, et al. 2014; Sharma, et al. 2015; Whelan, et al. 2015). To some extent, this approach
can be used to test the effect of individual gene properties on phylogenetic reconstruction, as well
as progressively narrow in on a small set of loci that satisfy multiple criteria. However, the final
results depend on the order in which properties are evaluated and the thresholds enforced,
decisions that are difficult to justify (if not entirely arbitrary). A handful of studies (Borowiec, et
al. 2015; Kocot, et al. 2017; Mongiardino Koch and Thompson 2021) have therefore selected loci
that simultaneously satisfy a number of conditions. In the case of Mongiardino Koch and
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Thompson (2021), subsampling was not performed directly on the variables measured but on
principal component axes derived from these. This approach produced axes capturing differences
in rate of evolution and overall phylogenetic usefulness along which loci could be sorted.
Whether major axes of variation in other phylogenomic datasets can be interpreted in similar
ways remains unknown.
Several recent studies have explored a number of these gene properties in an attempt to
discover reliable predictors of the phylogenetic performance of loci (Aguileta, et al. 2008; Doyle,
et al. 2015; Shen, et al. 2016; Brown and Thomson 2017; Kuang, et al. 2018; Burbrink, et al.
2020; Vankan, et al. 2020; Evangelista, et al. 2021). Their recommendations have often differed,
raising the possibility that a universal predictor might not exist. They have also invariably
focused on correlating alternative properties with measures of topological distance or clade
support, without actually evaluating the performance of subsampled datasets composed of
multiple loci (i.e., the trees they support). In this study, I calculate numerous gene properties
across 18 phylogenomic datasets, representing diverse clades whose evolutionary histories began
anytime between the Middle Cambrian and the Late Cretaceous (Table 1). With these data I
explore the existence of universal patterns of covariance between gene properties, and test
whether such patterns capture useful information regarding the evolutionary history of loci. I then
analyze the success of alternative subsampling strategies in finding phylogenetically reliable
datasets of small sizes.

6.3 RESULTS
Dataset sampling purposefully avoided notoriously difficult phylogenetic questions,
focusing instead on more typical datasets. These do not suffer from any evident source of bias,
and thus there is no clearly preferable approach to subsample them, or any expectation that a
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single method would work well for all of them. All matrices were coded as amino acids and were
modified only by removing loci with less than 50% occupancy (further details can be found in
Methods). Time-calibrated species trees were also obtained from the corresponding studies. Gene
trees were inferred using ParGenes v. 1.0.1 (Morel, et al. 2018) under optimal models, and 100
replicates of non-parametric bootstrap (BS) were used to calculate node support. Site-wise rates
of evolution were estimated using the empirical Bayes method implemented in Rate4Site
(Mayrose, et al. 2004). All other analyses were performed in the R statistical environment (R
Core Team 2019) using custom scripts. This included the estimation of 15 gene properties: 1)
alignment length; 2) proportion of missing data; 3) level of occupancy; 4) proportion of variable
sites; 5) total tree length (i.e. sum of all branches); 6) level of treeness (i.e., the fraction of tree
length on internal branches; Lanyon 1988); 7) average pair-wise patristic distance between
terminals, a proxy for sensitivity to long-branch attraction (Struck 2014); 8) clock-likeness,
calculated using the variance of root-to-tip distances; 9) level of saturation, estimated as one
minus the regression slope of patristic distances on p-distances (Nosenko, et al. 2013); 10)
compositional heterogeneity, measured by the relative composition frequency variability (RCFV;
Phillips and Penny 2003; Zhong, et al. 2011); 11) average BS support; 12) Robinson-Foulds (RF)
similarity to the species tree supported by each study (Robinson and Foulds 1981); two estimates
of evolutionary rates, including 13) the total tree length divided by the number of terminals
(Telford, et al. 2014) and 14) the harmonic mean of site rates; and 15) the area under the
penalized PI profile (iPIpen). For this last one, site rates were used to calculate a PI profile (an
estimate of the utility of a locus for inferring relationships at different timescales) for the entire
time spanned between root and tips using PhyInformR (Dornburg, et al. 2016). To account for the
accumulation of phylogenetic noise (i.e., homoplastic site patterns arising in fast-evolving sites),
which is not directly accounted for by the method, informativeness values for times older than
that of the peak were penalized following the method described in Bellot, et al. (2020). This was
done by multiplying their values by the ratio between their current height and that of the PI peak.
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The area under this curve is a proxy for the signal in the data to resolve nodes spanning the entire
depth of the tree, and was estimated using spline interpolation with the package MESS (Ekstrom
2020). All properties were measured at the level of genes. Metrics were defined such that positive
attributes (such as RF similarity) should be maximized, while negative attributes (such as level of
saturation) should be minimized. More information on these metrics can be found in Table S1.
Across all datasets, proxies for phylogenetic signal (average BS, RF similarity and
iPIpen) correlate most strongly with the length, rate of evolution (estimated as the harmonic mean
of site rates) and proportion of variable sites of loci, increasing with all three (Fig. S1). Other
properties previously suggested as strong predictors of signal, such as clock-likeness and
compositional heterogeneity (Doyle, et al. 2015; Shen, et al. 2016; Kuang, et al. 2018; Vankan, et
al. 2020; Evangelista, et al. 2021), show less predictable relationships that can range from
strongly positive to strongly negative (Fig. S1). Some variables (e.g., saturation, treeness) have
stronger effects on some proxies than others, which further complicates extracting meaningful
patterns. More importantly perhaps, 97.1% of all pair-wise correlations among the 15 properties
are significant across more than half of the datasets (including those between signal proxies and
all predictors; Fig. S2). There is also no evidence that any of these gene properties significantly
depends on the absolute age of clades (all P values > 0.2).
In order to explore whether gene properties share common patterns of covariance across
datasets, I followed the approach of Mongiardino Koch and Thompson (2021), focusing on a
subset of seven variables: two proxies for signal (average BS and RF similarity), four sources of
bias (average pair-wise patristic distance, level of saturation, compositional heterogeneity and
root-to-tip-variance, the latter representing deviations from clock-likeness), and the proportion of
variable sites. A principal component analysis (PCA) of these datasets resulted in two major axes
explaining an average of 51.7 and 24.5% of total variance. Hierarchical and k-means clustering of
the loadings of these first two principal components (PCs) support the hypothesis that these axes
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are capturing similar aspects of molecular evolution across datasets (Figs. 1 and S3). Both
techniques resulted in a split of PCs into two main groups: one that includes PCs along which all
properties increase/decrease (a pattern generally captured by PC 1), and another group of PCs
along which sources of bias change in the opposite direction than proxies for signal (a pattern
generally retrieved as PC 2). Two datasets (Hexapoda and Phasmatodea) have PCs whose
groupings are reversed relative to others.
To understand what underlying factors could be generating these patterns, the scores of
loci along both PCs were correlated with estimates of evolutionary rates (using the logtransformed harmonic mean of site rates). This analysis confirmed that the variability generally
captured along PC 1 reflects differences in rates of evolution (Fig. 2). On the other hand, PC 2
constitutes a dimension that is largely uncorrelated with evolutionary rates, but that often shows a
more or less conspicuous peak at intermediate rates. Once again, the hexapod and phasmatodean
datasets deviate from these patterns by exhibiting the lowest levels of correlation between rates
and PC 1, as well as the highest level of correlation between rates and PC 2 (in absolute terms).
These results are insensitive to the choice of an alternative, tree-based method to estimate
evolutionary rates (i.e., the total tree length divided by the number of terminals, see Fig. S4).
The phylogenetic behavior of loci selected by both PC axes was then compared against
other common subsampling strategies. For this, phylogenomic datasets were sorted according to a
number of criteria and reduced to sizes of both 50 and 250 loci, selecting those that scored the
highest or the lowest, depending on the strategy. A total of 23 subsampled matrices of both sizes
were built from each dataset. These included matrices that maximized gene length, occupancy,
proportion of variable sites, average BS, RF similarity, iPIpen and treeness, as well as matrices
that minimized saturation, compositional heterogeneity and root-to-tip variance. Datasets were
also built from the fastest and slowest evolving loci, those showing intermediate rates (i.e., those
whose rates were closest to the median rate of the entire dataset), as well as those that scored
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highest and lowest along PC axes 1 and 2. Sorting was also done with SortaDate (Smith, et al.
2018), a common pipeline for phylogenomic subsampling based on three gene properties.
However, this method ordered loci in ways that were nearly identical to those achieved by using
just one variable, whichever was selected as the first sorting step (see Fig. S5). Since all three
variables were already being assessed, this method was not employed. Finally, five datasets were
generated by sampling genes at random.
Phylogenetic inference using subsampled datasets was performed using IQ-TREE 1.6.3
(Nguyen, et al. 2014) under the LG+F+G model, and node support was estimated using 1,000
replicates of ultrafast bootstrap (UFBoot; Hoang, et al. 2017). Characterizing the performance of
these datasets is complicated by the fact that the underlying phylogenies are unknown (in fact
some of the trees used here have already been challenged to some degree; see Meusemann, et al.
2020; Szucsich, et al. 2020; Tihelka, et al. 2020). While large phylogenomic datasets generally
produce fully resolved and supported topologies, model violations can favor incorrect trees
(Delsuc, et al. 2005; Kapli, et al. 2021). While this necessarily means that topologies supported
by full phylogenomic datasets are only imperfect proxies with which to evaluate phylogenetic
accuracy, it is also true that the proportion of nodes sensitive to model choice in any given
analysis is small. Optimal subsampled datasets should be able to recapitulate this general tree
structure, although not necessarily every detail; in other words, high topological similarity should
still be favored, although the highest value does not guarantee the best results. At the same time,
genes differ in their levels of phylogenetic signal, and an adequate subsampling scheme should be
able to recover genes with above-average performance. Considering this, subsampling schemes
were ranked in descending order of RF similarity to the tree found by the original studies,
breaking ties using the average UFBoot values. The values for the five replicates of random
subsampling were averaged to obtain a single estimate of their performance. Subsampling
strategies ranking systematically better than random-chosen loci were considered valid. Given
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difficulties establishing the identity of PC axes for Hexapoda and Phasmatodea, the results of
these datasets were not included with the rest and are shown separately in Fig. S6.
When subsampling to 250 loci, only five methods outperformed randomly-chosen loci
across more than half of the datasets (Fig. 3A). These include matrices designed to maximize RF
similarity, average BS, occupancy and length, as well as those with loci that rank highest along
PC 2. Two additional approaches—iPIpen and intermediate rates—have median ranks above that
of randomly chosen loci, although ranking below more often than not. Of these, RF similarity and
PC 2 (high) are the most consistent (i.e., have the lowest variance); other approaches behave well
on average, but can occasionally perform poorly. As expected, differences in performance
between strategies are even larger when subsampling to 50 loci (Fig. S7); however, the same set
of methods is favored, with the further addition of loci with the highest proportions of variable
sites. Very common approaches, including rate-based subsampling (saving the marginally good
behavior shown by loci with intermediate rates) and the direct minimization of systematic biases
(including saturation and among-lineage compositional and rate heterogeneities), perform
systematically worse than randomly-chosen loci at both subsampling levels (Figs. 3A and S6).
To further explore these patterns, I calculated the fraction of shared loci between matrices built
using different subsampling strategies. This value was turned into a pair-wise distance metric and
averaged across datasets, producing an estimate of the expected frequency with which strategies
select the same genes. Non-metric multidimensional scaling was used to project these distances
into a two-dimensional space on which the average topological similarity was overlain (Fig. 3B).
In line with previous results (Figs. 1, 2), this confirms that: 1) PCs built from the gene property
datasets represent axes of evolutionary rate and phylogenetic usefulness; 2) rate and usefulness
are perpendicular axes, such that rate-based subsampling does not optimize usefulness; and 3)
directly minimizing sources of bias performs poorly because it has the unintended consequence of
targeting slow-evolving loci that are largely uninformative.
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6.4 DISCUSSION
Quantifying and predicting which loci contribute toward recovering correct topologies
has become central to phylogenomic inference (Meyer, et al. 2011; Salichos and Rokas 2013;
Doyle, et al. 2015; Edwards 2016; Shen, et al. 2016; Arcila, et al. 2017; Brown and Thomson
2017; Shen, et al. 2017; Molloy and Warnow 2018; Smith, et al. 2018; Dornburg, et al. 2019).
This step can be used to explore phylogenetic conflicts, test specific hypotheses of relationships,
measure the impact of different sources of bias, and allow for a better modeling of evolutionary
processes. For the many phylogenetic questions that still remain unanswered, the preferred
topology can entirely depend on assessments of the phylogenetic information contained within
different loci (e.g., Simon, et al. 2018; Lozano-Fernandez, et al. 2019; Marlétaz, et al. 2019;
Smith, et al. 2020). This has led to a plethora of recommendations on what constitutes a reliable
gene and which proxies can be used to enrich datasets in them. Many of these were supported by
searching for strong predictors of the topological distance to a preferred topology (Doyle, et al.
2015; Burbrink, et al. 2020; Vankan, et al. 2020). However, extracting the individual effects of
potential predictors is complicated by the pervasive levels of correlation that these exhibit (Shen,
et al. 2016; Kocot, et al. 2017; Mongiardino Koch and Thompson 2021). Subsampling based on
any individual property in the presence of such strong correlations can also have unintended
effects: for example, increasing occupancy can reduce overall levels of phylogenetic signal, and
targeting longer genes can increase compositional heterogeneity (Figs. S1, S2).
Instead of focusing on correlating pairs of variables, I propose that a better understanding
of the information content of loci can be gained by searching for regularities in the patterns of
covariance between multiple properties, and exploring the underlying factors that might produce
them. Across a sample of 18 diverse phylogenomic datasets, I find that most of the variability
captured across multiple gene properties happens along two major axes. These axes show
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remarkably similar patterns of covariance that can be readily interpreted as representing
differences in evolutionary rate and phylogenetic usefulness (Figs. 1, 2, S4, S6). In the case of the
latter, highly useful loci exhibit a consistent set of properties that include not only high values of
node support and topological similarity, but also low levels of saturation and reduced
compositional and rate heterogeneities (i.e., simultaneously high signal and low biases). They
also seem not to be among the fastest or slowest evolving genes, implying the existence of an
optimal rate as predicted by theory (Yang 1998; Townsend 2007; Susko and Roger 2012;
Klopfstein, et al. 2017; Dornburg, et al. 2019). Datasets with high levels of rate variation have
reduced variation in phylogenetic usefulness and vice versa (Fig. S8), which is also expected if
usefulness peaks at a particular (optimal) rate.
Many common subsampling strategies are justified in either phylogenetic theory or in the
aforementioned correlation with measures of topological distance at the gene level. However, the
behavior of multi-locus subsampled datasets obtained by filtering genes based on such correlates
has been seldom explored. Phylogenetically useful loci should also possess other properties
besides low topological distances to a target tree, such as displaying a minimum of nonphylogenetic signals that can provide hidden support for incorrect topologies (Gatesy and
Springer 2014), a problem that can become exacerbated in smaller datasets (Tilic, et al. 2020).
When the performance of subsampling strategies is evaluated, it becomes clear that many
common approaches do not perform well on average. Such is the case of rate-based subsampling:
matrices composed of the slowest or fastest evolving loci are among the worst that can be
generated from phylogenomic datasets (Fig. 3, S6). Even targeting loci with intermediate rates, or
those whose sites evolve at a pace that maximizes phylogenetic informativeness, does not
drastically improve results relative to selecting loci at random (although iPIpen does succeed
when subsampling to very small sizes, and also seems to select many genes in common with
better-performing strategies; Figs. 3, S7). Different lines of evidence show that this inefficacy is a
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consequence of evolutionary rate being a dimension that is perpendicular to phylogenetic
usefulness (Figs. 1, 3B). At first glance, this might seem to conflict with the existence of optimal
rates for inference, but peaks in usefulness are evident in Figures 2 and S4. Another explanation
could be that a direct link between rates and usefulness only exists at the level of sites (Dornburg,
et al. 2019), as different distributions of site rates can potentially average to identical gene rates.
This not only implies that gene rates should be avoided for subsampling, but they might even
constitute abstractions with weak ties to evolutionary processes. The results presented here
confirm that gene rates are not a useful subsampling approach, but they also show that they do
capture relevant differences in evolutionary history. Multiple proxies for gene rates converge on
similar values, and genes with comparable rates share many common features, defining the major
axis of variance in gene properties across most datasets. The problem does not seem to lie in gene
rates being inappropriate, but rather that they constitute just one of several criteria that a
phylogenetically useful locus should possess. Loci evolving at optimal gene rates exhibit large
variabilities in usefulness (Fig. S9), which makes rate-based subsampling inefficient even when
optimal gene rates can be discovered. While this might be caused by differences in the underlying
distributions of site rates, it likely also reflects compositional and rate heterogeneities that are not
accommodated by approaches based on rates or informativeness (Dornburg, et al. 2019).
Another common method to reduce the size of phylogenomic datasets is to discard loci
that seem most affected by potential sources of bias (Nesnidal, et al. 2010; Borowiec, et al. 2015;
Whelan, et al. 2015; Kocot, et al. 2017; Mongiardino Koch, et al. 2018; Marlétaz, et al. 2019),
including high levels of saturation and heterogeneities in both composition and evolutionary
rates. However, selecting the loci least affected by these issues does not result in phylogenetically
accurate datasets (Fig. 3A). These results are in strong conflict with many previous analyses that
supported the use of clock-like, unsaturated and compositionally homogenous genes (Doyle, et al.
2015; Kuang, et al. 2018; Lozano-Fernandez, et al. 2019; Vankan, et al. 2020; Evangelista, et al.

432

2021). While all three of these properties clearly represent severe issues for phylogenetic
inference (Delsuc, et al. 2005; Kapli, et al. 2021), directly minimizing them enriches the dataset
in conserved and slow-evolving loci that do not contain enough phylogenetic information (Fig.
3B). This unintended consequence highlights the fact that selecting genes based on any individual
attribute can produce strong and undesired shifts in the distributions of other variables. This does
not mean that these confounding factors should not be targeted, only that it should be done in a
manner that ensures appropriate levels of information content or phylogenetic usefulness are
retained. Clock-like genes are also routinely favored for estimating divergence times (Smith, et al.
2018; Carruthers, et al. 2020); it is therefore important to note that sampling the most clock-like
genes can deplete phylogenetic signal and bias rate estimates.
Only five approaches are found to systematically outperform random loci selection at
both levels of subsampling (Figs. 3, S6). These include two proxies for phylogenetic signal (RF
similarity and average BS), two measures of amount of information (alignment length and
occupancy), and the phylogenetic usefulness axis obtained using PCA. The finding that
maximizing RF similarity is consistently recovered as the best approach was expected, as the
ranking of strategies is to a large degree also determined by this metric. This circularity
complicates an objective evaluation of this approach, which would require simulations under a
known topology (to some degree, this is true for other conclusions drawn here). However,
maximizing average BS support, a different proxy for signal that does not suffer from this
problem, results in the sampling of a very similar set of loci (Fig. 3B), providing indirect
evidence of the suitability of subsampling based on topological similarity. At the same time,
given that sampling of genes selected for their RF similarity recovers the topologies most similar
to those of targeted trees, this strategy provides an effective way of replicating results with
smaller datasets, but should not be interpreted as a test of phylogenetic results. While longer
genes were previously found to recover better topologies (Aguileta, et al. 2008; Betancur-R, et al.
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2014; Shen, et al. 2016; Brown and Thomson 2017), occupancy had been considered less of a
concern for datasets composed of hundreds of loci (Philippe, et al. 2004; Roure, et al. 2012;
Streicher, et al. 2016; Molloy and Warnow 2018). Results shown here suggest that maximizing
both of these are among the best-performing subsampling strategies on average, but also exhibit a
relatively inconsistent behavior, occasionally ranking among the worst. Their use should be
accompanied by some assessment of how they are impacting overall levels of signal.
Finally, maximizing phylogenetic usefulness through the use of PCA provides a direct
way to optimize levels of phylogenetic signal while also controlling for sources of bias. This is
done simultaneously and without the need to arbitrarily order variables or establish thresholds. By
drawing information from multiple properties, the approach is able to discover patterns that are
unique to each dataset, weighting factors in proportion to their relative contributions. This also
provides a useful avenue for filtering outlier genes, as shown in the Methods section and Figure 4.
The method, names genesortR, is implemented as an R script available at
https://github.com/mongiardino/genesortR. For all but two of the datasets analyzed, the
interpretation of the second PC dimension as a usefulness axis was straightforward; for the
remaining ones (Phasmatodea and Hexapoda), a more careful study revealed usefulness was
captured along PC 1 (Figs. S6). In the specific case of the hexapod dataset, both PC axes seemed
to correlate relatively strongly with rate estimates (Fig. 2), which is consistent with the idea that
resolving the phylogeny of ancient clades requires highly conserved, slow-evolving genes. Taken
to an extreme, this could potentially induce the collapse of rate and usefulness into a single
dimension, at which point the method here described would become impractical, as it would
converge on sampling slow-evolving loci. Therefore, this approach may not be universally
applicable, and might not help resolve phylogenies outside the range of conditions explored,
including clades that are older, evolve faster, or contain recalcitrant nodes characterized by
extreme levels of phylogenetic conflict. Under such conditions, it is possible that better estimates
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of phylogeny will be returned using methods that are here found to be inappropriate for average
phylogenetic questions, such as minimizing evolutionary rates or sources of systematic bias. Even
so, it is likely that progress in our understanding of contentious relationships that have defied
resolution will happen as we improve our ability to decode the evolutionary processes ingrained
along the different axes that describe the information content of loci.

6.5 METHODS
Datasets chosen for this study had to fulfill a number of criteria. First, I only used
datasets built from full genomes and/or transcriptomes, as these are likely to exhibit a wider range
of values across different properties—such as rates—than datasets built using methods of targeted
enrichment (e.g., ultraconserved elements, anchored hybrid enrichment). For standardization, all
datasets were coded as amino acids, although the methods employed are applicable to other data
types. Studies also had to infer a time-calibrated topology, establishing a timescale of
diversification that could be used to estimate rates of evolution in number of substitutions per unit
of time. These topologies were inferred and calibrated using entirely different methodologies, but
represent in every case the best estimate of relationships as supported by the authors. Taxon
sampling within the ingroup had to be reasonably thorough to allow for accurate estimates of site
and gene properties, such as evolutionary rates (Hugall and Lee 2007). Finally, datasets with
notoriously contentious relationships, such as lophotrochozoans (Kocot, et al. 2017), chelicerates
(Sharma, et al. 2014) and metazoans (King and Rokas 2017), were avoided. Instead, an effort was
made to focus on datasets showing more typical levels of phylogenetic signal and noise. The 18
datasets sampled (Table 1) were only modified by filtering loci with values of occupancy below
50%.
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Gene trees were inferred using ParGenes v. 1.0.1 (Morel, et al. 2018) which automated
model selection with ModelTest-NG (Darriba, et al. 2020) and phylogenetic inference with
RAxML-NG (Kozlov, et al. 2019) for each multiple sequence alignment. The optimal model was
considered to be the one minimizing the Bayesian Information Criterion; support values were
estimated with 100 replicates of non-parametric bootstrap (BS). Rates of evolution for all sites in
each datasets were estimated using the empirical Bayes method implemented in Rate4Site
(Mayrose, et al. 2004) using the time-calibrated tree pruned to include only terminals present in
each locus. Given that outgroups often represent poorly-sampled clades that can be distantly
related to the ingroup (e.g., in the case of Echinoidea extending the age of the tree root by 200
million years; Mongiardino Koch and Thompson 2021), and thus have a strong effect on
estimated rates, they were removed from both trees and alignments. Branch length optimization
was disabled and all other options were left as default. For some loci, the inference of gene trees
or the estimation of site rates failed; these loci were dropped from further analyses, resulting in
the final numbers shown in Table 1.
A group of 15 properties were calculated for each locus in R using custom scripts (see
Results). Scripts relied on functions from packages adephylo (Jombart and Dray 2010), ape
(Paradis and Schliep 2018), MESS (Ekstrom 2020), phangorn (Schliep 2011), PhyInformR
(Dornburg, et al. 2016), phytools (Revell 2012) and the tidyverse (Wickham 2017). As with site
rates, outgroups were removed before estimating these. Correlations among all gene properties,
and between these and the absolute age of clades, were visualized using package corrplot (Wei
and Simko 2017) and P values were corrected using Benjamini and Hochberg (1995) correction
for multiple comparisons. Following Mongiardino Koch and Thompson (2021), a subset of seven
gene properties were subject to principal component analysis (PCA). Among these are two widely
employed proxies for phylogenetic signal: the Robinson-Foulds (RF) similarity to the species tree
(i.e., the complement of the RF distance; Robinson and Foulds 1981), generally taken to be an
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estimate of topological accuracy, and the average BS support (Salichos and Rokas 2013; Doyle,
et al. 2015; Shen, et al. 2016; Vankan, et al. 2020). Four other variables are known to induce
systematic errors in tree reconstruction (Delsuc, et al. 2005; Nesnidal, et al. 2010; Nosenko, et al.
2013; Struck 2014; Kocot, et al. 2017; Kapli, et al. 2021): the variance of root-to-tip distances
(i.e., the degree of deviation from a strict clock-like behavior), the average pair-wise patristic
distance between terminals (indicative of susceptibility to long-branch attraction), the level of
saturation (estimated as one minus the regression slope of patristic distances on p-distances), and
the compositional heterogeneity (measured by the relative composition frequency variability;
RCFV). The last variable included was the proportion of variable sites, a metric generally
interpreted to represent information content (Aguileta, et al. 2008; Mclean, et al. 2019), and that
is strongly correlated with estimates of rates and tree length in the datasets employed (Fig. S2).
All of these properties have been used individually for phylogenomic subsampling (see Table
S1). This approach suffers from some degree of circularity given the use of topological similarity
in the selection of genes, but this should bias results minimally as this is just one of the several
attributes employed. In case the species tree for the lineages sampled is highly uncertain, an
option is available to run the analysis without using RF similarities as input for the PCA.
Alternatively, uncertain nodes can be collapsed in the tree used to measure topological distances;
taken further this would converge on the approach used by Philippe, et al. (2019) to focus only on
the recovery of a handful of uncontroversial monophyletic groups. A few different sets of
variables were explored, as well as alternative metrics for some of them (such as different tree
distances); these changes did not improve the proportion of variance captured by the first two
principal components (PCs) and were not further explored. It should be noted however that a
thorough optimization of the variables included was not performed, and this is likely to have
some effect on results.
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PCA is susceptible to outlier data points (i.e., observations that strongly deviate from the
general structure of correlation between variables), as these contribute a large fraction of total
variance and can attract the first components. Although this can be seen as a limitation of the
method, it also provides an opportunity to detect and filter out outlier genes. These can arise from
both analytical and biological processes (e.g., errors in orthology inference or alignment, strong
selective pressures, etc.), and have a strong impact on tree reconstruction (Brown and Thomson
2017; Shen, et al. 2017; Walker, et al. 2018). To remove outlier genes, I measured the
Mahalanobis distance of all observations to the origin of the PC space (employing all seven
dimensions), and removed the top 1% with the greatest distances (Fig. 4). These represent
sequences with highly unlikely combinations of gene properties given the structure of correlation
of the entire dataset. PCA was then repeated on the remaining observations. Compared to other
methods devised to remove outlier data from phylogenomic datasets (e.g., de Vienne, et al. 2012;
Mai and Mirarab 2018), this approach benefits from not only considering tree topology, but doing
so alongside other gene properties. The removal of outlier genes not only helps correctly identify
the major axes of variance among ‘regular’ observations (i.e., ensures that PCs capture true
differences in rate and usefulness), but also provides an extra step of sanitation, likely to be
especially important before datasets are reduced in size. Future work would likely benefit from a
more sophisticated approach to outlier detection, such as is offered by robust PCA methods
(Todorov and Filzmoser 2009).
Both hierarchical and k-means clustering were used to discover groupings of similar PC
axes that could potentially represent similar underlying factors. Given that PC orientation is
arbitrary, clustering was done using eigenvectors as well as their opposites (Fig. 1 has the
mirrored half of the dendrogram removed). Hierarchical clustering was performed using
Euclidean distances and complete linkage (Fig. 1); k-means clustering used 10,000 random
starting configurations (Fig. S3). The identity of these axes was first established by correlating the
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scores of the first two PCs against different estimates of gene-wise evolutionary rates: the total
tree length divided by the number of terminals (Telford, et al. 2014; Howard, et al. 2020), and the
harmonic mean of site rates. For all datasets except Hexapoda and Phasmatodea, the Spearman
rank correlation coefficients (ρ) between both estimates of rate and PC 1 were larger than 0.7 and
more than twice the values of ρ between rate estimates and PC 2 (Figs. 2, S4). This was taken to
represent strong evidence that PC 1 was (in general) capturing rate variation. Correlations
between PC 1 and tree-based rates were much higher (average ρ = 0.94) than between PC 1 and
sequence-based rates (average ρ = 0.86). This seems to confirm that averaged site rates are an
inaccurate proxy for gene-wise evolutionary rates (Dornburg, et al. 2019). The relationship
between gene rates and phylogenetic usefulness (Fig. S9) was also studies by binning loci into 25
categories based on their rates, and calculating the mean and variance of usefulness (i.e., PC 2
scores) within each. A linear regression between these two metrics was assessed after excluding
outliers, identified as those whose residuals were significantly larger than expected using a chisquare test in package outliers (Komsta 2011).
Phylogenomic datasets were sorted based on 13 different properties (gene length,
occupancy, proportion of variable sites, average BS, RF similarity, iPIpen, treeness, saturation,
RCFV, root-to-tip variance (clock-likeness), sequence-based evolutionary rate, and PCs 1 and 2)
and subsampled to sizes of 50 and 250. These numbers were chosen because they represent
common data sizes used for computationally intensive methods such as total-evidence dating (Lee
2016; Brennan, et al. 2020; Mongiardino Koch and Thompson 2021) and inference under
complex site heterogenous models (Ballesteros, et al. 2019; Marlétaz, et al. 2019), respectively.
Subsampled datasets were composed of either the highest or lowest scoring loci, depending on
the variable used for sorting. In the case of rates and PC axes, both the highest and lowest scoring
loci were used. An extra subsampling strategy targeting intermediate rates (defined as those loci
with sequence-based rates closest to the median value for the entire dataset) was also used. Five
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extra matrices were built by selecting loci at random, for a total of 23 matrices per phylogenomic
dataset and subsampling size. It should be noted that some low occupancy taxa had no data in the
subsampled matrices and had to be removed. In conditions of extremely uneven occupancy these
protocols should be paired with additional steps to ensure key taxa are represented in the final
datasets. Tree inference was performed in IQ-TREE 1.6.3 (Nguyen, et al. 2014) under the
LG+F+G model, and 1,000 replicates of ultrafast bootstrap (UFBoot; Hoang, et al. 2017) were
used to estimate node support values.
The performance of subsampling strategies was evaluated using two metrics: the RF
similarity to the tree supported by the original studies (i.e., the same used to estimate topological
similarity for individual loci), and the average UFBoot support. The values obtained for the five
replicates of randomly sampled loci were averaged. Subsampling strategies were then ranked
based on RF similarity scores with ties broken using average support values, such that strategies
that result in more accurate and well-supported trees receive lower ranks. Two criteria were used
to establish which subsampling approaches are useful: 1) strategies that attain a median rank that
is lower than that of randomly sampled data across datasets; and more strictly, 2) strategies that
attain a lower rank than randomly sampled data for more than half of datasets (Figs. 3, S7). Given
the non-standard behavior of the hexapod and phasmatodean datasets, results from these were not
combined with those of other datasets, and are reported separately in Figure S6. It should be
noted that subsampling was always performed by selecting entire genes, and that results for some
strategies might differ from those obtained by selecting sites (e.g., when using rates). Retaining
the gene structure of the datasets is not only necessary for some types of phylogenetic inference
such as summary coalescent methods, but also provides access to a much larger pool of
properties, including all of those estimated on gene trees. A focus on loci can also help discover
outlier data (Fig. 4), and reveal important evolutionary processes such as compositional and rate
heterogeneities (or at least aid in their discovery). The relative performance of strategies was also
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evaluated at the level of the entire tree topology, and some of the methods used (e.g., iPIpen)
might be more suitable for finding optimal loci to resolve specific nodes or time intervals.
Finally, the dissimilarities between pairs of 250-loci matrices obtained through different
subsampling strategies (i.e., the proportion of loci not shared) was calculated and averaged across
datasets. The resulting distance matrix was decomposed into a two-dimensional space using nonmetric multidimensional scaling (NMDS). This relied on package vegan (Oksanen, et al. 2019)
and employed 10,000 iterations from random starts. Stress was evaluated using a Shepard
diagram (i.e., a plot of observed distances vs. ordination distances), and a non-metric estimate of
goodness-of-fit returned an R squared value of 0.99. The averaged RF similarity across datasets
was overlain onto this plot as a smooth surface, which was fitted using penalized regression
splines.
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6.7 FIGURES AND TABLES

Figure 1: Gene properties covary in predictable ways, revealing underlying patterns of evolution
that are shared by all phylogenomic datasets. The dendrogram shows that the eigenvectors of PC
axes can be clustered into two major groups, labelled as patterns A and B. While pattern A is
generally captured by PC 1 (green icons) and pattern B by PC 2 (orange icons), the hexapod and
phasmatodean datasets are inverted. The histograms on the bottom she the distribution of loadings
across variables. Results using k-means clustering are shown in Fig. S3.
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Figure 2: Rate of evolution is the primary factor driving differences in gene properties. Scores of
loci along principal components 1 (A) and 2 (B) were correlated against the log-transformed
harmonic means of site rates. Blue lines correspond to LOESS regressions, and Spearman’s rank
correlation coefficients (ρ) are shown in each plot. Clade icons are as in Fig. 1; the deviating
hexapod and phasmatodean datasets are highlighted in red. Results using a tree-based estimate of
evolutionary rates are shown in Fig. S4.
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Figure 3: Comparison of the performance of alternative subsampling strategies. A. Distribution
of ranks attained by different strategies (lower ranks represent better results). Two criteria for
selecting adequate strategies are highlighted: those whose median ranks are lower than randomly
chosen loci (grey background), and those that outperform these in more than half of the datasets
(yellow bars). The proportion of times a given strategy ranks better than random loci is shown at
the bottom. Results correspond to matrices of 250 loci; those for 50 loci are shown in Fig. S7. B.
Non-metric multidimensional scaling (NMDS) of pair-wise distances between strategies,
representing the average frequency with which they share loci (smaller distances represent higher
probabilities of targeting the same loci). Average RF similarity (orange lines) is overlayed as a
smooth surface. Principal component (PC) 2 defines an axis that traverses the RF similarity
gradient, while PC 1 (and other rate proxies) sample genes along a perpendicular axis that follows
an isocline.
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Figure 4: Detection of outlier genes using multiple gene properties in two exemplary datasets,
Lepidoptera (left) and Pseudoscorpiones (right). Plots shows the principal component axes built
from the entire datasets, with the genes considered outliers shown in red. The topology of the
largest outlier (highlighted with a black border) is plotted.
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Table 1: Phylogenomic datasets employed. Age constitutes the inferred date of the last common
ancestor of the ingroup (in million years, Ma) as estimated by the same study. Number of taxa
corresponds only to ingroup taxa, number of loci to those for which all properties could be
estimated (see Methods); these and other numbers can differ from those reported in the origin
studies.
Dataset

Age

Number

Number

Occupancy

Mean

(Ma)

of taxa

of loci

(%)

locus
length

Actinopterygii (Hughes, et al. 2018)

376.3

302

1035

81.2

167.1

Araneae (Fernández, et al. 2018)

366.1

160

1114

64.2

218.8

Aspergillacea (Steenwyk, et al. 2019)

117.4

81

1660

97.5

633.8

Blattodea (Evangelista, et al. 2019)

206.7

45

2556

82.1

374.4

Echinoidea (Mongiardino Koch and

265.0

34

2356

71.6

257.1

Gnathostomata (Irisarri, et al. 2017)

457.6

100

4543

81.6

430.4

Heliozelidae (Milla, et al. 2020)

84.0

38

1040

92.2

271.4

Hemipteroids (Johnson, et al. 2018)

420.3

171

2225

90.6

771.0

Hexapoda (Misof, et al. 2014)

479.1

134

1467

94.7

869.5

Hymenoptera (Peters, et al. 2017)

281.0

169

2665

84.8

647.6

Lepidoptera (Kawahara, et al. 2019)

299.5

186

2021

88.8

359.4

Monilophytes (Shen, et al. 2018a)

321.1

69

2357

89.5

284.3

Myriapoda (Fernández, et al. 2016)

504.4

40

1942

82.2

297.1

Thompson 2021)
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Opiliones (Fernández, et al. 2017)

414.2

54

1288

63.2

265.7

Phasmatodea (Simon, et al. 2019)

121.8

38

1022

88.6

772.3

Pseudoscorpiones (Benavides, et al. 2019)

337.5

41

2110

63.2

376.1

Saccharomycotina (Shen, et al. 2018b)

404.0

332

2348

88.1

464.6

Scorpiones (Sharma, et al. 2018)

381.3

30

1462

86.6

226.3

458

6.8 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Exploring correlates of phylogenetic signal across datasets. Data shows the Spearman
rank correlation coefficients between three proxies for signal (average bootstrap support,
Robinson-Foulds similarity and iPIpen, the area under the penalized phylogenetic
informativeness profile) and 12 other gene properties. Numbers above/below the distributions
correspond to significant correlations after Benjamini & Hochberg corrections. Gene properties
are ordered (top-to-bottom, left-to-right) following decreasing values of median correlation.
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Figure S2: Correlation matrix for 15 gene properties. Colors and ellipse shapes correspond to
average Spearman rank correlation coefficients across all 18 datasets analyzed. Number in each
cell show the number of datasets for which a given correlation is significant (after Benjamini &
Hochberg correction). Only 3 correlations (marked in red), all of which involve treeness, are
significant in less than half of the datasets. Moderate values can arise from a true weak
correlation between variables as well as an inconsistent correlation that can include both strongly
positive and strongly negative values (see Fig. S1), and should therefore be interpreted with
caution.
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Figure S3: K-means clustering of eigenvectors. Given the results of hierarchical clustering (Fig.
1), the number of clusters was set to two. Clustering results are shown using grey convex hulls;
eigenvectors for different PCs and datasets are denoted using colors (see legend) and clade icons
(as in Figs. 1, 2). The eigenvectors of hexapods and phasmatodeans are clustered in an opposite
pattern. PC 1 of phasmatodeans is well within the range of variability shown by the remaining
PCs 2, and PC 2 is within the ranges of the remaining PCs 1. On the other hand, both hexapod
eigenvectors seem to be somewhat different to those of the other datasets.
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Figure S4: Correlation between tree-based rate of evolution and principal components 1 (A) and
2 (B). Results correspond to Fig. 2 but using an alternative, tree-based estimate of evolutionary
rates, i.e., the total tree length divided by the number of terminals (Telford, et al. 2014), logscaled. Blue lines correspond to LOESS regressions, and Spearman’s rank correlation coefficients
(ρ) are shown in each plot. Clade icons are as in Figs. 1-2; the deviating hexapod and
phasmatodean datasets are highlighted with red icons.
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Figure S5: Proportion of loci shared between two strategies, SortaDate (Smith, et al. 2018) and
Robinson-Foulds (RF) similarity. SortaDate uses three sequential sorting steps (topological
distance, root-to-tip variance and tree length) for subsampling. Subsequent steps are only used to
break ties in the previous sorting rounds; as such, it is unclear how much they contribute. Here,
datasets were sorted and subsampled to 50 (left) and 250 (right) loci using all three steps of
SortaDate as well as just the first one, and the proportion of genes shared between the two was
calculated. The set of loci selected by SortaDate is almost entirely determined by its first step
(i.e., RF similarity; top panels), with a minor impact of other variables seen only when trees have
less than 100 terminals. RF similarity could potentially be rounded to force ties and increase the
contribution of other variables (even though it has an intrinsic unit of scale determined by the
number of terminals). However, even when rounding to 2 decimal places, the order is still almost
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entirely determined by the first sorting step (bottom panels). Although the order in which
variables are evaluated by SortaDate can be modified, results are the same: the genes chosen are
almost entirely determined by the first variable (results not shown). Note that SortaDate uses the
proportion of concordant bipartitions instead of RF similarity. This does not modify these results.
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Figure S6: Results for the deviating datasets Phasmatodea (left) and Hexapoda (right). A.
Loadings confirm the results of clustering analyses, showing that PC axes for these two datasets
are reversed relative to those of the others, and that the signature of evolutionary rate is captured
by principal component 2 (which shows all variables increasing/decreasing concomitantly), while
that of usefulness is captured by principal component 1 (showing opposite trends for signal and
bias). B. Ranking of subsampling strategies. Points in black rank higher than randomly sampled
loci (yellow) for both 50 and 250 subsampling sizes, strategies shown in grey outperform random
data only for 250 loci, and those in white rank lower for both. High usefulness (PC 1 for these
datasets) ranks higher than random for both datasets and subsampling sizes. Including these
results do not modify which strategies perform better than randomly-chosen loci at either
subsampling size.
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Figure S7: Performance of alternative strategies when subsampling to 50 loci. Overall, there is
less variability in the ranks attained by strategies across datasets. Two criteria for selecting
adequate strategies are highlighted: those whose median ranks are lower than randomly chosen
loci (grey background), and those that outperform these in more than half of the datasets (yellow
bars). The proportion of times a given strategy ranks lower than random loci is shown at the
bottom. Results are very similar to those found for 250 loci (Fig. 3A), although both iPIpen and
proportion of variable sites are also found here to outperform better than random loci selection
across most datasets.
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Figure S8: Phylogenomic datasets with large variations in evolutionary rates show less variation
in phylogenetic usefulness. Axes correspond to the proportion of total variance explained by the
first and second PC axes. Clades marked by filled circles show the more typical pattern of
correspondence between PC axes (PC1 = rate, PC2 = usefulness), while those with empty circles
show the opposite pattern. Correlation (ρ) between the two is -0.87, P = 1.2 x 10-5, if excluding
hexapods and Phasmatodea (solid line), or -0.93, P = 3.94x10-8, if these are included (dashed
line).
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Figure S9: Genes evolving at optimal rates exhibit large differences in phylogenetic usefulness,
such that many of them are still expected to perform poorly. Genes were classified into 25
categories obtained by subdividing tree-based evolutionary rates (log-transformed) into bins of
equal width. The mean and variance of usefulness values (i.e., PC 2 scores) for loci within each
bin was calculated, and fit to a linear regression (lines are shown only for clades with significant
results).
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Table S1: Further details on gene properties employed. Properties were calculated after
excluding outgroups (OGs). All citations can be found in the main text.
Property

Measured

Type of

on

information

Details and examples of use

measured
Gene length

Alignment

Quantity

Total number of columns in the alignment. If data was present only for OGs,
these positions were not counted. Used by: Aguileta, et al. (2008); Betancur-R,
et al. (2014); Shen, et al. (2016); Brown and Thomson (2017); Shen, et al
(2018b); Steenwyk, et al. (2019); Burbrink, et al. (2020); Evangelista, et al.
(2021).

Prop. of

Alignment

Quantity

Proportion of all cells with missing/ambiguous data (represented with either ‘-’,
‘?’ or ‘X’). Used by: Roure, et al. (2012); Streicher, et al. (2016); Brown and

missing data

Thomson (2017); Kocot, et al. (2017); Molloy and Warnow (2018); Alda, et al.
(2019); Burbrink, et al. (2020); Evangelista, et al. (2021).
Occupancy

Alignment

Quantity

Proportion of terminals with any amount of data. Used by: Fernández, et al.
(2014); Borowiec, et al. (2015); Streicher, et al. (2016); Fernández, et al.
(2017b); Fernández, et al. (2018); Alda, et al. (2019); Brennan, et al. (2020);
Evangelista, et al. (2021).

Prop. of

Alignment

variable sites

Both

Also known as the proportion of parsimony-informative sites. Used by:

(information)

Aguileta, et al. (2008); Fernández, et al. (2014); Shen, et al. (2016); Mclean, et
al. (2019); Steenwyk, et al. (2019); Burbrink, et al. (2020); Mongiardino Koch
and Thompson (2021).

Total tree

Tree

Quantity

length
Treeness

Sum of all branch lengths. Used by: Shen, et al. (2016); Brown and Thomson
(2017); Smith, et al. (2018); Vankan, et al. (2020).

Tree

Quality

Fraction of tree length on internal branches (Lanyon 1988), representing the

(signal)

relative amount of information in the alignment that is useful to resolve clades.
Used by: Shen, et al. (2016); Vankan, et al. (2020).

Average pairwise patristic
distance

Tree

Quality

Mean value of the patristic distances separating all pairs of terminals (Struck

(bias)

2014). The higher the score, the more likely a gene tree is to depict incorrect
relationships due to long-branch attraction artifacts. Used by: Kocot, et al.
(2017); Mongiardino Koch and Thompson (2021).
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Variance of

Tree

root-to-tip

Quality

The variance of root-to-tip distances (i.e., the variance in number of inferred

(bias)

mutations occurring in the time separating terminals from their most recent

distances

common ancestor) provides a proxy for the degree of deviations from clock-like
evolution. Used by: Smith, et al. (2018); Mongiardino Koch and Thompson
(2021); Vankan, et al. (2020).

Saturation

Both

Quality

Pair-wise patristic distances of a gene tree and pair-wise p-distances (prop. of

(bias)

mismatches) in its corresponding alignment are measured. The value of a linear
regression slope between these is then subtracted from 1. Unsaturated genes
have a score close to unity; the relationship between both distances weakens as
sites suffer multiple hits, reducing it (Nosenko, et al. 2013). Used by: Borowiec,
et al. (2015); Kocot, et al. (2017); Lozano-Fernandez, et al. (2019); Mongiardino
Koch and Thompson (2021).

Relative

Alignment

composition

Quality

A proxy for compositional heterogeneity among terminals calculated as in

(bias)

Zhong, et al. (2011). Essentially a measure of disparity among taxa in amino

frequency

acid use. It uses the difference between the frequency of each amino acid per

variability

taxon and their frequency in the entire alignment. These deviations from the

(RCFV)

average use of each amino acid are added for each taxon and then averaged.
Used by: Fernández, et al. (2014); Whelan, et al. (2015); Shen, et al. (2016);
Kocot, et al. (2017); Shen, et al. (2018b); Mongiardino Koch and Thompson
(2021); Evangelista, et al. (2021).

Average

Tree

bootstrap

Quality

Average support values across resolved nodes of a gene tree obtained with 100

(signal)

replicates of non-parametric bootstrapping. Used by: Borowiec, et al. (2015);

support

Fernández, et al. (2018); Shen, et al. (2018b); Steenwyk, et al. (2019);
Mongiardino Koch and Thompson (2021); Stiller, et al. (2020).

Robinson-

Tree

Foulds

Quality

Complement of the Robinson-Foulds (or symmetric) distance between a gene

(signal)

tree and the species tree, prune to the same sample of terminals (Robinson and

similarity

Foulds 1981). It is usually taken to represent a proxy for topological error. Used
by: Salichos and Rokas (2013); Simmons, et al. (2016); Molloy and Warnow
(2018); Mongiardino Koch and Thompson (2021).

Tree-based rate

Tree

of evolution

Quality

Total tree length (i.e., sum of all branches) divided by the number of terminals.

(rate)

Used by: Telford, et al. (2014); Borowiec, et al. (2015); Whelan, et al. (2015);
Howard, et al. (2020).

Sequence-based
rate of

Alignment

Quality

Harmonic mean of site rates. First time used. Other sequence-based methods

(rate)

were used by Aguileta, et al. (2008)

evolution
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Area under the
penalized

Both

Quality

The phylogenetic informativeness (PI) approach estimates the probability of a

(signal)

character (evolving at a given rate) helping resolve a quartet (i.e., suffering a

phylogenetic

substitution in its central branch and remaining unchanged along the peripheral

informativeness

ones). Through the use of a chronogram and estimates of site rates, an

profile (iPIpen)

informativeness profile is generated which can predict the utility of a loci for
inferring relationships at different timescales (Townsend 2007; Dornburg, et al.
2016). The area under this curve is a proxy for the signal to resolve nodes
spanning the depth of the tree. However, this estimate does not account for the
distortion induced by homoplastic patterns arising among fast-evolving sites,
i.e., phylogenetic noise (Townsend, et al. 2012). To account for this, Bellot, et
al. (2020) proposed to penalize the values of PI for times older than its peak
(iPIpen). This is done by multiplying values by the ratio between the value of PI
for a given age and the maximum value of PI. Used by: Fernández, et al.
(2017a); Alda, et al. (2019); Bellot, et al. (2020); Burbrink, et al. (2020). This
list includes PI approaches in general.
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CHAPTER 7 – Phylogenomic analyses of echinoid diversification
prompt a re-evaluation of their fossil record

7.1 ABSTRACT
Echinoids are key components of modern marine ecosystems. Despite a remarkable fossil
record, the emergence of their crown group is documented by few specimens of unclear affinities,
rendering uncertain much of their early history. The origin of sand dollars, one of its most
distinctive clades, is also unclear given an unstable phylogenetic context. We employ eighteen
novel genomes and transcriptomes to build a dataset with near-complete sampling of major
lineages, and use it to revise the phylogeny and divergence times of echinoids. We introduce the
concept of a chronospace—a multidimensional representation of node ages—and use it to explore
the relative effects of using alternative gene samples, models of molecular evolution and clock
priors. We find the choice of clock model to have the strongest impact on divergence times, while
gene sampling and the use of site-heterogeneous models show little effects. Crown group
echinoids originated in the Permian and diversified rapidly in the Triassic. We clarify the
relationships among sand dollars and close relatives, showing that Apatopygus represents a relict
lineage with a deep Jurassic origin. Sand dollars are confidently dated to the Cretaceous, implying
ghost ranges spanning approximately 50 million years, a remarkable discrepancy with their fossil
record.

7.2 BACKGROUND
The fossil record represents the best source of primary data for constraining the origins of
major lineages across the tree of life. However, the fossil record is not perfect, and even for
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groups with an excellent fossilization potential, constraining their age of origin can be difficult [1,
2]. Furthermore, as many traditional hypotheses of relationships have been revised in light of
large-scale molecular datasets, the affinities of fossil lineages and their bearings on inferred times
of divergence have also required a reassessment. An exemplary case of this is Echinoidea, a clade
including sea urchins, heart urchins, sand dollars and allies, and for which phylogenomic trees
have questioned the timing of previously well-constrained nodes [3, 4].
Echinoids are easily recognized by their spine-covered skeletons or tests, composed of
numerous tightly interlocking plates. Slightly over 1,000 living species have been described [5], a
diversity that populates every benthic environment from intertidal to abyssal depths [6].
Echinoids are usually subdivided into two morpho-functional groups with similar species-level
diversities: “regular” sea urchins, a paraphyletic assemblage of hemispherical, epibenthic
consumers protected by large spines; and irregulars (Irregularia), a clade of predominantly
infaunal and bilaterally symmetrical forms covered by small and specialized spines. In today’s
oceans, regular echinoids act as keystone species in biodiverse coastal communities such as coral
reefs [7] and kelp forests [8], where they are often the main consumers. They are first well-known
in the fossil record on either side of the Permian-Triassic (P-T) mass extinction event, when many
species occupied reef environments similar to those inhabited today by their descendants [9, 10].
This extinction event was originally thought to have radically impacted the macroevolutionary
history of the clade, decimating the echinoid stem group and leading to the radiation of crown
group taxa from a single surviving lineage [11, 12]. However, it is now widely accepted that the
origin of crown group Echinoidea (i.e., the divergence between its two main lineages, Cidaroidea
and Euechinoidea) occurred in the Late Permian, as supported by molecular estimates of
divergence [13, 14], as well as the occurrence of Permian fossils with morphologies typical of
modern cidaroids [15, 16]. However, a recent total-evidence study recovered many taxa
previously classified as crown group members along the echinoid stem, while also suggesting that
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up to three crown group lineages survived the P-T mass extinction [3]. This result increases the
discrepancy between molecular estimates and the fossil record and renders uncertain the early
evolutionary history of crown group echinoids. Constraining the timing of origin of the echinoid
crown group relative to the P-T mass extinction (especially in the light of recent topological
changes [3, 4]) is further complicated by the poor preservation potential of stem group echinoids,
and the difficulty assigning available disarticulated remains from the Late Palaeozoic and Early
Triassic to specific clades [11, 12, 17-20].
Compared to the conservatism of regular sea urchins, the evolutionary history of the
relatively younger Irregularia was characterized by dramatic levels of morphological and
ecological innovation [21-24]. Within the diversity of irregulars, sand dollars are the most easily
recognized (Fig. 1). The clade includes greatly flattened forms that live in high-energy sandy
environments where they feed using a unique mechanism for selecting and transporting organic
particles to the mouth, where these are crushed using well-developed jaws [25, 26]. Sand dollars
(Scutelloida) were long thought to be most closely related to sea biscuits (Clypeasteroida) given a
wealth of shared morphological characters [19, 25]. The extraordinary fossil record of both sand
dollars and sea biscuits suggested their last common ancestor originated in the early Cenozoic
from among an assemblage known as “cassiduloids” [23, 25], a once diverse group that is today
represented by three depauperate lineages: cassidulids (and close relatives), echinolampadids, and
apatopygids [19, 27]. These taxa not only lack the defining features of both scutelloids and
clypeasteroids but have experienced little morphological change since their origin deep in the
Mesozoic [24, 27-29]. However, early molecular phylogenies supported both cassidulids and
echinolampadids as close relatives of sand dollars (e.g., [14, 30]), a topology initially disregarded
for its conflicts with morphological and paleontological evidence, but later confirmed using
phylogenomic approaches [4]. While many of the traits shared by sand dollars and sea biscuits
have since been suggested to represent a mix of convergences and ancestral synapomorphies
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secondarily lost by some “cassiduloids’ [3, 4], the strong discrepancy between molecular
topologies and the fossil record remains unexplained. Central to this discussion is the position of
apatopygids, a clade so far unsampled in molecular studies. Apatopygids have a fossil record
stretching more than 100 million years and likely have phylogenetic affinities with even older
extinct lineages [3, 19, 28, 29]. Although current molecular topologies already imply ghost ranges
for scutelloids and clypeasteroids that necessarily extend beyond the Cretaceous-Paleogene (KPg) boundary, the phylogenetic position of apatopygids could impose even earlier ages on these
lineages (Fig. 1). Constraining these divergences is necessary to understand the timing of origin
of the sand dollars, one of the most specialized lineages of echinoids [24-27]. Resolving some
relationships within scutelloids has also been complicated by their recurrent miniaturization and
associated loss of morphological features (Fig. 1; [25, 31, 32]).
Echinoidea constitutes a model clade in developmental biology and genomics. As these
fields embrace a more comparative approach [13, 33, 34], robust and time-calibrated phylogenies
are expected to play an increasingly important role. Likewise, the extraordinary fossil record of
echinoids and the ease with which echinoid fossils can be placed in phylogenetic trees makes
them an ideal system to explore macroevolutionary dynamics using phylogenetic comparative
methods [3, 31]. In this study, we build upon available molecular resources with 17 novel
genome-scale datasets, and build the largest molecular dataset for echinoids yet compiled. Our
expanded phylogenomic dataset extends sampling to 16 of the 17 currently recognized echinoid
orders (plus the unassigned apatopygids) [35], and is the first to bracket the extant diversity of
both sand dollars and sea biscuits, and include members of all three lineages of living
“cassiduloids” (cassidulids, echinolampadids, apatopygids). We also incorporate a diverse sample
of outgroups, providing access to the deepest nodes within the crown groups of all other
echinoderm classes (holothuroids, asteroids, ophiuroids and crinoids). With it, we reconstruct the
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phylogenetic relationships and divergence times of the major lineages of living echinoids, and
place their diversification within the broader context of echinoderm evolution.

7.3 METHODS
7.3.1 Sampling, bioinformatics and matrix construction
This study builds upon previous phylogenomic matrices [3, 4], the last of which was
augmented through the addition of eight published datasets (mostly expanding outgroup
sampling), as well as 18 novel echinoid datasets (16 transcriptomes and two draft genomes). Final
taxon sampling included 12 outgroups and 50 echinoids. For all novel datasets, tissue sampling,
DNA/RNA extraction, library preparation and sequencing varied by specimen, and are detailed in
Table S1 and Supplementary File S1.
Raw reads for all transcriptomic datasets were trimmed or excluded using quality scores
with Trimmomatic v. 0.36 [36] under default parameters. Further sanitation steps were performed
using the Agalma 2.0 phylogenomic workflow [37], and datasets were assembled de novo with
Trinity 2.5.1 [38]. For genomic shotgun sequences, adapters were removed with BBDuk
(https://sourceforge.net/projects/bbmap/), and UrQt v. 1.0.18 [39] was used to filter short reads
(size < 50) and trim low-quality ends (score < 28). Datasets were then assembled using
MEGAHIT v. 1.1.2 [40]. Draft genomes were masked using RepeatMasker v. 4.1.0 [41, 42],
before obtaining gene predictions with AUGUSTUS 3.2.3 [43]. A custom set of universal single
copy orthologs (USCOs) obtained from the latest Strongylocentrotus purpuratus genome
assembly (Spur v. 5.0) was employed as the training dataset. Settings and further details of these
analyses can be found in the Supplementary File S1.
Multiplexed transcriptomes were sanitized from cross-contaminants using CroCo v. 1.1
[44], and likely non-metazoan contaminants were removed using alien_index v. 3.0 [45]
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(removing sequences with AI values > 45). Datasets were imported back into Agalma, which
automated orthology inference (as described in [37, 46]), gene alignment with MACSE [47] and
trimming with GBLOCKS [48]. The amino acid supermatrix was reduced using a 70% occupancy
threshold, producing a final dataset of 1,346 loci (327,695 sites). As a final sanitation step, gene
trees were obtained using ParGenes v. 1.0.1 [49], which performed model selection (minimizing
the Bayesian Information Criterion) and inference using 100 bootstrap (BS) replicates. Trees
were then used to remove outlier sequences with TreeShrink v. 1.3.1 [50]. We specified a reduced
tolerance for false positives, and limited removal to at most three terminals which had to increase
tree diameter by at least 25% (-q 0.01 -k 3 -b 25).

7.3.2. Phylogenetic inference
Inference was performed under multiple probabilistic and coalescent-aware methods,
known to differ in their susceptibility to model violations. Coalescent-based inference was
performed using the summary method ASTRAL-III [51], estimating support as local posterior
probabilities [52]. Among concatenation approaches, we used Bayesian inference under an
unpartitioned GTR+G model in ExaBayes 1.5 [53]. Two chains were run for 2.5 million
generations, samples were drawn every one hundred, and the initial 25% was discarded as burnin. We also explored maximum likelihood inference with partitioned and unpartitioned models.
For the former, the fast-relaxed clustering algorithm was used to find the best-fitting model
among the top 10% using IQ-TREE 1.6.12 [54, 55] (-m MFP+MERGE -rclusterf 10 -rclustermax 3000), and support was evaluated with 1,000 ultrafast BS replicates [56]. For the latter, we
used the LG4X+R model in RAxML-NG v. 0.5.1 [57] and evaluated support with 200 replicates
of BS. Finally, we also implemented the site-heterogenous LG+C60+F+G mixture model using
the posterior mean site frequency (PMSF) approach to provide a fast approximation of the full
profile mixture model [58], allowing the use of 100 BS replicates to estimate support. Given
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some degree of topological conflict between results of the other methods (see below), multiple
guide trees were used to estimate site frequency profiles, but the resulting phylogenies were
identical.
Given conflicts between methods in the resolution of one particular node (involving the
relationships among Arbacioida, Salenioida, and the clade of Stomopneustoida + Camarodonta),
all methods were repeated after reducing the matrix to 500 and 100 loci selected for their
phylogenetic usefulness using the approach described in [3, 59] and implemented in the
genesortR script (https://github.com/mongiardino/genesortR). This approach relies on seven gene
properties routinely used for phylogenomic subsampling, including multiple proxies for
phylogenetic signal—such as the average BS and Robinson-Foulds (RF) similarity to a target
topology—as well as several potential sources of systematic bias (e.g., rate and compositional
heterogeneities). Outgroups were removed before calculating these metrics. RF similarity was
measured to a species tree that had the conflicting relationship collapsed so as not to bias gene
selection in favor of any resolution. A principal component analysis (PCA) of this dataset resulted
in a dimension (PC 2, 17.6% of variance) along which phylogenetic signal increased while source
of bias decreased (Figure S1), and along which loci were selected. For the smallest dataset, we
also performed inference under the site-heterogeneous CAT+GTR+G model using PhyloBayesMPI [60]. Three runs were continued for > 10,000 generations, sampling every two generations
and discarding the initial 25%. Convergence was confirmed given a maximum bipartition
discrepancy of 0.067 and effective sample sizes for all parameters > 150.
Two other approaches were implemented in order to assist in resolving the contentious
node. First, we implemented a likelihood-mapping analysis [61] in IQ-TREE to visualize the
phylogenetic signal for alternative resolutions of the quartet involving these three lineages and
their sister clade (i.e., Irregularia; other taxa were excluded). Second, we estimated the loglikelihood scores of sites in RAxML (using best-fitting models) for the two most strongly
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supported resolutions found through likelihood mapping. These were used to calculate gene-wise
differences in scores, or δ values [62]. In order to search for discernable trends in the signal for
alternative topologies, genes were ordered based on their phylogenetic usefulness (see above) and
the mean per-locus δ values of datasets composed of multiples of 20 loci (i.e., the most useful 20,
40, etc.) were calculated.

7.3.3 Time calibration
Node dating was performed using relaxed molecular clocks in PhyloBayes v4.1 using a
fixed topology and a novel set of 22 fossil calibrations corresponding to nodes from our newly
inferred phylogeny (listed in Supplementary Table S2). Depending on the node, we enforced both
minimum and maximum bounds, or either one of these. A birth-death prior was used for
divergence times, which allowed for the implementation of soft bounds [63], leaving 5% prior
probability of divergences falling outside of the specified interval. We explored the sensitivity of
divergence time estimates to gene selection, model of molecular evolution and clock prior. One
hundred loci were sampled from the full supermatrix according to four different sampling
schemes: usefulness (calculated as explained above, except incorporating all echinoderm
terminals), phylogenetic signal (i.e., minimum RF distance to species tree), clock-likeness (i.e.,
minimum variance of root-to-tip distances), and level of occupancy. For clock-likeness, we only
considered loci that lay within one standard deviation of the mean rate (estimated by dividing
total tree length by the number of terminals [64]), as this method is prone to select largely
uninformative loci otherwise (Fig. S2; [59]). A fifth sample of randomly selected loci was also
evaluated. These datasets were all run under two models of molecular evolution, the sitehomogenous GTR+G and the site-heterogenous CAT+GTR+G, and both uncorrelated gamma
(UGAM) and log-normal autocorrelated (LN) clocks were implemented. The combination of
these settings (loci sampled, model of evolution and clock prior) resulted in 20 analyses. For
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each, two runs were continued for 20,000 generations, after which the initial 25% was discarded
and the chains thinned to every two generations (see log-likelihood trace plots in Fig. S3). To
explore the sensitivity of divergence times to these methodological decisions, 500 random
chronograms were sampled from each analysis (250 from each run), and their node dates were
subjected to multivariate analysis of variance (MANOVA) and between-group PCA (bgPCA)
using package Morpho [65] in the R statistical environment [66]. bgPCA involves the use of PCA
on the covariance matrix of group means (e.g., the mean ages of all nodes obtained under UGAM
or LN clocks), followed by the projection of original samples onto the obtained bgPC axes. The
result is a multidimensional representation of divergence times—a chronospace—rotated so as to
capture the distinctiveness of observations obtained under different settings. Separate bgPCAs
were performed for loci sampling strategy, clock prior and model of molecular evolution, and the
proportion of total variance explained by gbPC axes was interpreted as an estimate of the relative
impact of these choices on inferred times of divergence. Finally, lineage-through-time plots were
generated using ape [67].

7.4 RESULTS
Relationships inferred from the full dataset were remarkably stable, with all nodes but
one being identically resolved and fully supported across inference methods (Fig. 2A). While
recovering a topology similar to those of previous molecular studies [3, 4, 13, 14, 30, 68], this
analysis is the first to sample and confidently place micropygoids and aspidodiadematoids within
Aulodonta, as well as resolve the relationships among all major clades of Neognathostomata
(scutelloids, clypeateroids and the three lineages of extant “cassiduloids”). Our results show that
Apatopygus recens is not related to the remaining “cassiduloids” but is instead the sister clade to
all other sampled neognathostomates. The strong support for this placement, as well as for a clade
of cassidulids and echinolampadids (Cassiduloida sensu stricto) as the sister group to sand
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dollars, provides a basis for an otherwise elusive phylogenetic classification of
neognathostomates. Our topology also confirms that Sinaechinocyamus mai, a miniaturized
species once considered a plesiomorphic member of Scutelloida based on the reduction or loss of
diagnostic features (Fig. 1), is in fact a derived paedomorphic lineage closely related to
Scaphechinus mirabilis [32].
Salenioida is another major lineage sampled here for the first time, and whose exact
position among regular echinoids proved difficult to resolve. While some methods supported
salenioids as the sister group to a clade of camarodonts, stomopneustoids and arbacioids (a
topology previously supported by morphology [19]), others recovered a closer relationship of
salenioids to Camarodonta + Stomopneustoida, with arbacioids sister to them all. These results do
not stem from a lack of phylogenetic signal, but rather from the presence of strong and conflicting
evidence in the dataset regarding the position of salenioids (Fig. 2B). However, a careful
dissection of these signals shows that loci with high phylogenetic usefulness favor the topology
shown in Fig. 2A, with the morphological hypothesis becoming dominant only after incorporating
less reliable loci (Fig. 2C). In line with these results, moderate levels of gene subsampling (down
to 500 loci) unambiguously support the placement of arbacioids as sister to the remaining taxa
regardless of the chosen method of inference (Fig. 2D). More extreme subsampling (down to 100
loci) again results in disagreement among methods. This possibly stems from the increasing effect
of stochastic errors in smaller datasets, as less than half of the sampled loci in these reduced
datasets contain data for all branches of this quartet (see Fig. 2C). This result shows the
importance of ensuring that datasets (especially subsampled ones) retain appropriate levels of
occupancy for clades bracketing contentious nodes [69]. Despite these disagreements, several
lines of evidence favour the topology shown in Fig. 2A, including the results of likelihood
mapping, and the increased support for this resolution among the most phylogenetically useful
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loci and when using more complex methods of reconstruction, such as partitioned and siteheterogenous models (which favour this topology regardless of dataset size, Fig. 2D).
While alternative methods of inference had minor effects on phylogenetic relationships,
they did impact the reconstruction of branch lengths (Fig. S4). Site-heterogenous models (such as
CAT+GTR+G) returned longer branch lengths overall, but also uncovered a larger degree of
molecular change among echinoderm classes. Branches connecting these clades were stretched to
a much larger extent than those within the ingroup (Fig. S4), which might affect the inference of
node dates. We tested this hypothesis by exploring the sensitivity of divergence times to the use
of alternative models of molecular evolution, as well as different gene sampling strategies and
clock priors, all of which significantly affected inferred divergence times (MANOVA; all P <
2.2x10-16). While nodes connecting some outgroup taxa were among the nodes most sensitive to
these decisions, large effects were also seen among nodes relating to the origin and diversification
of the echinoid clades Cidaroidea and Aulodonta (Fig. 3A). All of these nodes varied in age by
more than 60 Ma—and up to 115 Ma—among the consensus topologies of different analyses
(Fig. 3A).
In order to isolate and visualize the impact of these factors on reconstructed ages, their
major effects were extracted with the use of bgPCAs (Figs. 3B-E, S5). This revealed that the
single dimension of chronospace maximizing the distinctiveness of trees obtained under different
clock models explained 53.7% of the total variance in node ages across all analyses. In contrast,
the choice of different loci or models of molecular evolution showed a much lesser effect,
explaining only 10.5 and 4.0% of total variance, respectively. Even though all of these decisions
affected a similar set of sensitive nodes (those mentioned above, as well as some relationships
within Atelostomata, see Figs. 3D-E, S5), the choice of clock model modified the ages of 17 of
these by more than 20 Ma (shown in Fig. S6), a magnitude of change that was not induced by
either alternative loci or models of evolution on any node (Figs. S7-S8).
482

Even when the age of crown Echinodermata was constrained to postdate the appearance
of stereom in the Early Cambrian [70-71], only analyses using the most clock-like loci recovered
ages concordant with this (i.e., median ages younger than the calibration enforced, see Fig. S9).
Instead, most consensus trees favored markedly older ages for the clade, in some cases even
predating the origin of the Ediacaran biota [72] (Figs. 3A-4, S7). Despite the relative sensitivity
of many of the earliest nodes to methodological choices (Fig. 3), the split between Crinoidea and
all other echinoderms (Eleutherozoa) is always inferred to have predated the end of the Cambrian
(youngest median age = 492.2 Ma), and the divergence among the other major lineages (classes)
of extant echinoderms are constrained to have happened between Late Cambrian and Middle
Ordovician (see Fig. S9). Our results also confirm an early origin of crown group Holothuroidea
(sea cucumbers; range of median ages = 351.6–383.2 Ma), well before that of the other extant
echinoderm classes. These dates markedly postdate the first records of calcareous rings in the
fossil record [73, 74], and suggest that this trait does not define the holothuroid crown group but
originated instead along its stem. The other noteworthy disagreement between these results and
those of previous studies [75] involves dating crown group Crinoidea to times that precede the PT mass extinction (range of median ages = 268.0–327.7 Ma, although highest posterior density
intervals are always wide and include Triassic ages).
Across all of the analyses performed, crown group Echinoidea is found to have originated
somewhere between the Pennsylvanian and Cisuralian, with 42% posterior probability falling
within the late Carboniferous and 58% within the early Permian (Fig. 4C). An origin of the clade
postdating the P-T mass extinction is never recovered, even when such ages were allowed under
the joint prior (Fig. S10). While the posterior distribution of ages for Euechinoidea spans both
sides of the P-T boundary, the remaining earliest splits within the echinoid tree are constrained to
have occurred during the Triassic, including the origins of Aulodonta, Carinacea, Echinacea and
Irregularia (Figs. 4, S9). Many echinoid orders are also inferred to have diverged from their
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respective sister clades during this period, including aspidodiadematoids, pedinoids,
echinothurioids, arbacioids and salenioids. LTT plots confirm that lineage diversification
proceeded rapidly throughout the Triassic (Fig. 4B). Despite the topological reorganization of
Neognathostomata, the clade is dated to a relatively narrow time interval in the Late to Middle
Jurassic (range of median ages = 169.48-179.96 Ma), in agreement with recent estimates [3].
Within this clade, the origins of both scutelloids and clypeasteroids confidently predate the K-Pg
mass extinction (posterior probability of origination before the boundary = 0.9995 and 0.9621,
respectively), despite younger ages being allowed by the joint prior (Fig. S10).

7.5 DISCUSSION
7.5.1 The echinoid Tree of Life
In agreement with previous phylogenomic studies [3, 4], echinoid diversity can be
subdivided into five major clades (Fig. 2A). Cidaroids form the sister group to all other crown
group echinoids (Euechinoidea). Some aspects of the relationships among sampled cidaroids are
consistent with previous molecular [76] and morphological studies [19], including an initial split
between Histocidaris and the remaining taxa, representing the two main branches of extant
cidaroids [5, 35]. Others, such as the nested position of Prionocidaris baculosa within the genus
Eucidaris not only implies paraphyly of this genus, but also suggests the need for a taxonomic
reorganization of the family Cidaridae. Within euechinoids, the monophyly of Aulodonta is
supported for the first time with sampling of all of its major groups. The subdivision of these into
a clade that includes echinothurioids and pedinoids (Echinothuriacea sensu [4]) sister to
diadematoids plus micropygoids (which we propose should retain the name Diadematacea), is
strongly reminiscent of some early classifications (e.g., [77]). Our expanded phylogenomic
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sampling also confirms an aulodont affinity for aspidodiadematoids [3, 35], and places this clade
as the sister group of Pedinoida.
The remaining diversity of echinoids, which forms the clade Carinacea (Fig. 2), is
subdivided into Irregularia and their sister clade among regulars, for which we amend the name
Echinacea to include Salenioida. Given the striking morphological gap separating regular and
irregular echinoids, the origin of Irregularia has been shrouded in mystery [19, 23, 77]. Our
complete sampling of major regular lineages determines Echinacea sensu stricto to be the sister
clade to irregular echinoids. A monophyletic Echinacea was also supported in a recent totalevidence analysis [3], but the incomplete molecular sampling of this study resulted in a topology
that placed salenioids as the sister group to the remaining lineages. However, an overall lack of
morphological synapomorphies uniting these clades had previously been acknowledged [19].
While the relationships within Echinacea proved to be difficult to resolve even with thousands of
loci, multiple lines of evidence lead us to prefer a topology in which salenioids form a clade with
camarodonts + stomopneustoids, with arbacioids sister to all of these (Fig. 2).
As has been already established [3, 4, 14, 19, 30], the lineages of irregular echinoids here
sampled are subdivided into Atelostomata (heart urchins and allies) and Neognathostomata (sand
dollars, sea biscuits and “cassiduloids”). Despite the former being the most diverse of the five
main clades of echinoids (Fig. 2), its representation in phylogenomic studies remains very low,
and its internal phylogeny poorly constrained [35]. On the contrary, recent molecular studies have
greatly improved our understanding of the relationships among neognathosomates [3, 4, 68],
revealing an evolutionary history that dramatically departs from previous conceptions. Even when
scutelloids and clypeasteroids were never recovered as reciprocal sister lineages by molecular
phylogenies (e.g., [13, 14, 30]), this result was not fully accepted until phylogenomic data
confidently placed echinolampadids as the sister lineage to sand dollars [4]. At the same time, this
result also rendered the position of the remaining “cassiduloids”, a taxonomic wastebasket with
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an already complicated history of classification [19, 27, 28, 78], entirely uncertain. An attempt to
constrain the position of these using a total-evidence approach [3] subdivided the “cassiduloids
“into three unrelated clades: Nucleolitoida, composed of extinct lineages and placed outside the
node defined by Scutelloida + Clypeasteroida, and two other clades nested within it (see Fig. 1).
Extant “cassiduloids” were recovered as members of one of the latter clades, representing the
monophyletic sister group to sand dollars. Here, we show that Apatopygus recens does not belong
within this clade but is instead the sister group to all other neognathostomates. Given this
phylogenetic position, as well as the morphological similarities between Apatopygus and the
fossil genus Nucleolites [19, 28, 78-80], it is likely that the three extant species of apatopygids
represent the last surviving remnants of Nucleolitoida, a clade of otherwise predominantly
Mesozoic neognathostomates [3]. Because of the renewed importance in recognizing this
topology, we propose the name Clypeasteracea for the clade uniting all extant neognathostomates
with the exclusion of Apatopygus. The previous misplacement of Apatopygus might be a
consequence of tip-dating preferring more stratigraphically congruent topologies [81], an effect
that can incorrectly resolve taxa on long terminal branches [82]. Given the generally useful
phylogenetic signal of stratigraphic information [83], this inaccuracy further highlights the
unusual evolutionary history of apatopygids.

7.5.2 Echinoid diversification
Calibrating phylogenies to absolute time is crucial to understanding evolutionary history,
as the resulting chronograms provide a major avenue for testing hypotheses on diversification.
However, the accuracy and precision of the inferred divergence times hinge upon many
methodological choices that are often difficult or time-consuming to justify (e.g., calibration
strategies, prior distributions on node ages, clock models, etc.) [84-89]. Understanding the impact
of each of these sources of uncertainty can be difficult. Here we explore the sensitivity of node
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ages to different ways of modelling heterogeneities among lineages in the rates and patterns of
molecular evolution, as well as alternative criteria to sample molecular loci. To do so, we
introduce an approach to visualize and measure the overall effect of these decisions on inferred
dates. Our results reveal that divergence times obtained under site-homogenous and siteheterogenous models (such as CAT+GTR+G) are broadly comparable. This happens despite this
type of models estimating higher levels of sequence divergence and stretching branches in a nonisometric manner (Fig. S3). A similar result was recently found when comparing sitehomogenous models with different numbers of parameters [90], suggesting that relaxed clocks
adjust branch rates in a manner that buffers the effects introduced by using more complex (and
computationally-intensive) models of evolution. Similarly, the choice between different loci also
has a small effect on inferred ages, with little evidence of a systematic difference between the
divergence times supported by randomly-chosen loci and those found using targeted sampling
criteria, such as selecting genes for their phylogenetic signal, usefulness, occupancy, or clocklikeness. A meaningful effect was restricted to a few ancient nodes (e.g., Echinodermata), for
which clock-like genes suggested younger ages that can be considered more consistent with fossil
evidence. While this validates the use of clock-like genes for inferring deep histories of
diversification, the choice of loci had no meaningful effect on ingroup ages. Finally, the choice
between alternative clock models induced differences in ages that were five to ten times stronger
than those of other factors, emphasizing the importance of either validating their choice or—as
done here—focusing on results that are robust to them.
The origin and early diversification of crown group Echinoidea has always been
considered to have been determined (or at least strongly affected) by the P-T mass extinction [11,
12, 16, 20]. However, estimating the number of crown group members surviving the most severe
biodiversity crisis in the Phanerozoic [91] has been hampered by both paleontological and
phylogenetic uncertainties [3, 10, 13-15, 18]. Our results establish with confidence that multiple
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crown group lineages crossed this boundary, finding for the first time a null posterior probability
of the clade originating after the extinction event. While the survival of three crown group
lineages is slightly favored (Fig. S11), discerning between alternative scenarios is still precluded
by uncertainties in dating these early divergences. Echinoid diversification during the Triassic
was relatively fast (Fig. 4B) and involved the rapid divergence among its major clades. Even
many lineages presently considered to be at the ordinal level trace their origins to this initial pulse
of diversification following the P-T mass extinction.
The late Palaeozic and Triassic origins inferred for the crown group and many euechinoid
orders prompts a re-evaluation of fossils from this interval of time. Incompletely known fossil
taxa such as the Pennsylvanian ?Eotiaris meurevillensis, with an overall morphology akin that of
crown group echinoids, has a stratigraphic range consistent with our inferred date for the origin of
the echinoid crown group [20]. Additionally, the Triassic fossil record of echinoids has been
considered dominated by stem group cidaroids, with the first euechinoids not known until the
Late Triassic [17, 92]. However, the Triassic origins of many euechinoid lineages supported by
our analyses, necessitates that potential euechinoid affinities should be re-considered for this
diversity of Triassic fossil. This is especially the case for the serpianotiarids and triadocidarids,
abundant Triassic families variously interpreted as cidaroids, euechinoids, or even stem echinoids
[3, 17, 92, 93]. A reinterpretation of any of these as stem euechinoids would suggest that the
long-implied gap in the euechinoid record [16, 18] is caused by our inability to correctly place
these key fossils, as opposed to an incompleteness of the fossil record itself.
While our phylogenomic approach is the first to resolve the position of all major
cassiduloid lineages, the inferred ages for many nodes within Neognathostomata remain in strong
disagreement with the fossil record. No Mesozoic fossil can be unambiguously assigned to either
sand dollars or sea biscuits, a surprising situation given the good fossilization potential and highly
distinctive morphology of these clades [19, 21, 25, 94]. While molecular support for a sister
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group relationship between scutelloids and echinolampadids already implied this clade must have
split from clypeasteroids by the Late Cretaceous [3, 4, 14, 19], this still left open the possibility
that the crown groups of sand dollars and sea biscuits radiated in the Cenozoic. Under this
scenario, the Mesozoic history of these groups could have been comprised of forms lacking their
distinctive morphological features, complicating their correct identification. This hypothesis is
here rejected, with the data unambiguously supporting a radiation of both crown groups preceding
the K-Pg mass extinction (Fig. 4C). While it remains possible that these results are incorrect even
after such a thorough exploration of the time-calibration toolkit (see for example [89, 95]), these
findings also call for a critical reassessment of the Cretaceous fossil record, and a better
understanding of the timing and pattern of morphological evolution among fossil and extant
neognathostomates. For example, isolated teeth with an overall resemblance to those of modern
sand dollars and sea biscuits have been found in Lower Cretaceous deposits [96], raising the
possibility that other overlooked and disarticulated remains might close the gap between rocks
and clocks.

7.6 CONCLUSIONS
Although echinoid phylogenetics has long been studied using morphological data, the
position of several major lineages (e.g., aspidodiadematoids, micropygoids, salenioids,
apatopygids) remained to be confirmed with the use of phylogenomic approaches. Our work not
only greatly expands the available genomic resources for the entire clade, but finds novel
resolutions for some of these lineages, improving our understanding of their evolutionary history.
The most salient aspect of our topology is the splitting of the extant “cassiduloids” into two
distantly related clades, one of which is composed exclusively of apatopygids. This result is
crucial to constrain the ancestral traits shared by the main lineages of neognathostomates, helping
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unravel the evolutionary processes that gave rise to the unique morphology of the sand dollars
and sea biscuits [3, 24, 25].
Although divergence time estimation is known to be sensitive to many methodological
decisions, systematically quantifying the relative impact of these on inferred ages has rarely been
done. Here we propose an approach based on chronospaces (available at
https://github.com/mongiardino/chronospace) that can help visualize key effects and determine
the sensitivity of node dates to different assumptions. Our results shed new light on the early
evolutionary history of crown group echinoids and its relationship with the P-T mass extinction
event, a point in time where the fossil record provides ambiguous answers. They also establish
with confidence a Cretaceous origin for the sand dollars and sea biscuits, preceding their first
appearance in the fossil record by at least 40 to 50 Ma, respectively (and potentially up to 65 Ma).
These clades therefore join several well-established cases of discrepancies between the fossil
record and molecular clocks, such as those underlying the origins of placental mammals [97] and
flowering plants [98].
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7.8 FIGURES

Figure 1: Neognathostomate diversity and phylogenetic relationships. A. Fellaster zelandiae,
North Island, New Zealand (Clypeasteroida). B. Large specimen: Peronella japonica, Ryukyu
Islands, Japan; Small specimen: Echinocyamus crispus, Maricaban Island, Philippines (Laganina:
Scutelloida). C. Large specimen: Leodia sexiesperforata, Long Key, Florida; Small specimen:
Sinaechinocyamus mai, Taiwan (Scutellina: Scutelloida). D. Rhyncholampas pacificus, Isla
Isabela, Galápagos Islands (Cassidulidae). E. Conolampas sigsbei, Bimini, Bahamas
(Echinolampadidae). F. Apatopygus recens, Australia (Apatopygidae). G. Hypotheses of
relationships among neognathostomates. Top: Morphology supports a clade of Clypeasteroida +
Scutelloida originating after the K-Pg boundary, subtended by a paraphyletic assemblage of
extant (red) and extinct (green) “cassiduloids” [19]. Bottom: A recent total-evidence study split
most of cassiduloid diversity into a clade of extant lineages closely related to scutelloids, and an
unrelated clade of extinct forms (Nucleolitoida) [3]. Divergence times are much older and conflict
with fossil evidence. Cassidulids and apatopygids lacked molecular data in this analysis. Scale
bars = 10 mm.
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Figure 2: Phylogenetic relationships among major clades of Echinoidea. A. Favored topology.
With the exception of a single contentious node within Echinacea (see Discussion, marked with a
star), all methods supported the same pattern of relationships. B. Likelihood-mapping analysis
showing the proportion of quartets supporting different resolutions within Echinacea. While the
majority of quartets support the topology depicted in A (shown in red), a significant number
support an alternative resolution that has been recovered in morphological analyses [19] (shown
in blue). C. Support for a clade of Salenioida + (Camarodonta + Stomopneustoida) is
predominantly concentrated among the most phylogenetically useful loci. This signal is
attenuated in larger datasets that contain less reliable genes, eventually favoring an alternative

501

topology. Only the 584 loci containing data for the three main lineages of Echinacea were
considered. The line corresponds to a second-degree polynomial regression. D. Resolution (and
bootstrap scores) of the topology within Echinacea found using datasets of different sizes and
alternative methods of inference.
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Figure 3: Sensitivity of divergence time estimation to methodological decisions. A. The ten most
sensitive ages are found within Cidaroidea, Aulodonta and among outgroup nodes. For each, the
range shown corresponds to the ages found among the consensus topologies of the 40 timecalibrated runs. B-C. Scores for the between-group PCA (bgPCA) separating chronograms based
on the clock model (B) or the model of molecular evolution (C) employed. While the first factor
has a major impact on inferred ages, the second one has only minor effects. D-E. Change in
branch lengths along the bgPC axis defined by discriminating based on clock model (D) or model
of molecular evolution (E). Branches are colored according to their contraction/expansion given a
score of – 1 (top) or + 1 (bottom) standard deviations, relative to the mean. Clades/nodes showing
age differences larger than 20 Ma are labelled (none in the case of E).
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Figure 4: Divergence times among major clades of Echinoidea and other echinoderms. A.
Consensus chronogram of the two runs using clock-like genes under a CAT-GTR model of
molecular evolution and a LN clock prior. Node ages correspond to median values, and bars show
the 95% highest posterior density intervals. B. Lineage-through-time plot, showing the rapid
divergence of higher-level clades following the P-T mass extinction (shown with dashed lines,
along with the K-Pg boundary). Each line corresponds to a consensus topology from among the
40 time-calibrated runs performed. C. Posterior distributions of the ages of selected nodes
(marked in the chronogram). The effects of models of molecular evolution are not shown, as they
represent the least important factor (see Fig. 3); distributions using site-homogenous and
heterogenous models are combined for every combination of targeted loci and clock prior.
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7.9 SUPPLEMENTARY INFORMATION
7.9.1 Details on tissue sampling, extraction, library preparation, sequencing and
bioinformatic approaches
Apatopygus recens, Aspidodiadema hawaiiense, Fellaster zelandiae, Histocidaris
variabilis, Rhyncholampas pacificus, Sinaechinocyamus mai, Stereocidaris neumayeri,
Tromikosoma hispidum. Tissue subsamples were finely chopped with a scalpel and preserved in
RNAlater (Ambion) buffer solution for 1 day at 4°C to allow the RNAlater to effectively
penetrate the tissues, followed by long-term storage at -80°C until RNA extraction. Total RNA
was extracted from 1.5 mm Triple-Pure High Impact Zirconium beads (Benchmark Scientific) in
Trizol (Ambion), using Direct-zol RNA Miniprep Kit (Zymo Research) with in-column DNase I
incubation to remove genomic DNA. Prior to mRNA capture, total RNA concentration was
estimated using Qubit RNA HS Assay Kit (Invitrogen; range = 8.33-96 ng/μL), and quality was
assessed using either High Sensitivity RNA ScreenTape or RNA ScreenTape with an Agilent
4200 TapeStation. Mature mRNA was isolated from total RNA and libraries were prepared using
KAPA mRNA HyperPrep Kit (KAPA Biosystems) following the manufacturer’s instructions
(including sample customization based on total RNA quantity and quality values), targeting an
insert size circa 500 base pairs (bp), and using custom 10-nucleotide Illumina TruSeq style
adapters [99]. Post-amplification, DNA concentration was estimated using Qubit dsDNA BR
Assay Kit (Invitrogen; range = 6.06-13.4 ng/μL). Concentration, quality, and molecular weight
distribution of libraries (range = 547-978 bp) was also assessed using Genomic DNA ScreenTape
with an Agilent 4200 TapeStation. Ten libraries (including two annelids not employed here) were
sequenced on one lane of a multiplexed run using NovaSeq S4 platform with 100 bp paired-end
reads at the IGM Genomics Center (University of California San Diego).
The assembled transcriptomes were sanitized from cross-contaminant reads product of
multiplexed sequencing using CroCo v. 1.1 [44]. These eight datasets, as well as two annelid
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transcriptomes not employed in this study but sequenced in the same lane, were employed.
Transcripts considered over or under-expressed across samples (as defined by default
parameters), were kept. This resulted in an average removal of 1.26% of assembled transcripts
(range: 0.4% for Aspidodiadema to 3.06% for Histocidaris).

Clypeaster japonicus, Encope emarginata, Leodia sexiesperforata, Peronella japonica.
Eggs were collected from a single female specimen of each species and immediately placed into
RNA later for preservation. The samples were left in RNAlater at 4°C for at least 1 day and then
transferred to a -80°C freezer until RNA extraction. RNA extraction was performed using Trizol
and was then treated with Ambion’s Turbo DNA-free kit. RNA was quantified using both
Nanodrop and an Agilent 2100 Bioanalyzer. Only RNA samples with an RNA integrity number
(RIN) of > 7 were used. RNA-seq libraries were prepared using the NEB Ultra Directional kit
using the standard protocol and multiplexed with 6bp NEB multiplex primers. Paired-end 100
libraries were generated from the resultant libraries at the UC Berkeley Genome Center using an
Illumina HighSeq 2500.

Bathysalenia phoinissa, Micropyga tuberculata: The material was collected by the deepsea cruise BIOMAGLO [100] conducted in 2017 jointly by the French National Museum of
Natural History (MNHN) as part of the Tropical Deep-Sea Benthos program, the French Research
Institute for Exploitation of the Sea (IFREMER), the “Terres Australes et Antarctiques
Françaises” (TAAF), the Departmental Council of Mayotte and the French Development Agency
(AFD), with the financial support of the European Union (Xe FED). Specimens were sorted into
taxonomic bins at class level and collectively fixed in 70% ethanol at room temperature.
Following taxonomic identification, tissue samples were obtained using sterilized forceps and
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disposable scalpel blades. Tissue subsamples were collected in high-purity 96% ethanol and
stored at ˗40°C until DNA extraction. Total genomic DNA was extracted using the DNeasy
Blood and Tissue Kit (QIAGEN) following the manufacturer’s instructions, complemented by the
addition of 4 µl RNAse A (QIAGEN, 100 mg/ml) for RNA digestion. Elution buffer volume was
reduced to 60 µl and the elution step repeated twice per sample in order to maximize DNA
concentration and yield. After collection of the first elution, spin column membranes were rinsed
again twice with fresh elution buffer (40 µl) to further increase yield. Elutions were collected
separately, with the first one used for sequencing and the second for quality control. For the latter,
a portion of the mitochondrial cytochrome c oxidase subunit I (COI) was amplified using PCR.
Amplifications were conducted with TopTaq DNA Polymerase (QIAGEN) using 1 μl of
extracted genomic DNA (approx. 10–15 ng). Details on primers and protocols can be found in
[101]. PCR products were visualized on a 1% agarose gel, purified using ExoSAP-IT
(Affymetrix) and sequenced at Microsynth GmbH (Vienna, Austria) with the same primers.
Sequences are deposited in GenBank under the accession numbers MZ568824 and MZ568825.
Prior to library preparation, total genomic DNA concentration was estimated using Qubit
DNA BR Assay Kit (Invitrogen) in order to determine library preparation strategy. This step was
carried out by Macrogen (Korea), using an Illumina TruSeq DNA PCR-free kit (for Micropyga)
and an Illumina TruSeq Nano DNA kit (for Bathysalenia). Library preparation followed
manufacturer’s instructions, targeting an insert size of 350 bp. The libraries were sequenced by
Macrogen (Korea) on a shared lane of a multiplexed run using an Illumina HiSeq X instrument
with 150 bp paired-end reads. Sequencing depth was 134.1 and 161.3 million reads for
Bathysalenia and Micropyga, respectively. Pre-processing of Illumina shotgun data was carried
out by removal of adapters using BBDuk (https://sourceforge.net/projects/bbmap/) with settings:
minlen=50 ktrim=r k=23 mink=11 tpe tbo); followed by quality trimming of reads using UrQt v.
1.0.18 [39], discarding regions with phred quality score < 28 and sequences of size < 50.
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Assembly of the data was carried out with MEGAHIT v. 1.1.2 [40], in an iterative approach
followed by assessment of assembly quality using BUSCO v. 3.0.2. scores [102] using the
metazoan dataset ODB v. 9 [103]. Final BUSCO scores of the draft assemblies were 28.4%
(S:27.8%, D:0.6%, F:48.2%, M:23.4%, n:978) for Bathysalenia and 17.2% (S:16.8%, D:0.4%,
F:59.0%, M:23.8%, n:978) for Micropyga. As recommended by Hoff and Stanke [42], draft
genomes were masked with RepeatMasker v. 4.1.0 [41] prior to gene prediction, using settings: norna -xsmall; resulting in 3.82 % and 2.9% masked bases for Bathysalenia and Micropyga,
respectively. Gene prediction was carried out using AUGUSTUS v. 3.2.3 [43] using settings: -strand=both --singlestrand=false --genemodel=partial --codingseq=on --sample=0 --alternativesfrom-sampling=false --exonnames=on --softmasking=on. This step relied on a training dataset
composed of USCOs derived from the most recent Strongylocentrotus purpuratus genome (Spur
v.5).

Echinothrix calamaris, Tripneustes gratilla. Tissue samples were taken from live sea
urchins housed in laboratory aquaria and total RNA was immediately extracted from 150 mg of
tissue using a PureLink™ RNA extraction kit (Invitrogen™). Quality of total RNA was assessed
on a BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) to ensure a RIN > 9 for all
samples. Mature mRNA was extracted from 1ug of total RNA and cDNA libraries were
constructed using a TruSeq kit (Illumina). Quality control of libraries was assessed on a
BioAnalyzer and quantification measured using qPCR. NEBNext Multiplex adaptors were added
via ligation, and the cDNA libraries were sequenced at Genome Quebec, McGill University.
Three libraries were multiplex sequenced on one lane of Illumina at a concentration of 8 pM per
cDNA library using HiSeq2500 transcriptome sequencing to generate 125bp paired-end reads.
This resulted in approximately 80 million reads for each transcriptome.
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Tetrapygus niger. Adult specimens were collected and transported alive to the University
of Concepcion. Tissue samples (female gonad and tube feet) from one individual were finely
chopped with a scalpel, and total RNA was extracted immediately using TriReagent (Sigma),
following the manufacturer’s instructions. Total RNA concentration was estimated using
QuantiFluor® RNA System (111.84-339.04 ng/µL) and quality was assessed using Agilent RNA
6000 Nano kit with an Agilent 2100 TapeStation (RIN: 5.4-8.4). cDNA libraries were prepared at
Genoma Mayor SpA (Chile) using TruSeq Stranded mRNA Kit (Illumina) and sequenced on a
multiplexed run using Illumina HiSeq 4000 platform with 150 paired-end reads, resulting in 54.1
M reads for gonad female and 52.7 M reads for tube feet, respectively. These two transcriptomic
datasets were combined before performing all steps of bioinformatic processing.

Eudidaris metularia. A single specimen was preserved in RNAlater after being starved
overnight, and kept for 1 day at 4°C before long-term storage at -80°C. Total RNA was extracted
using Direct-zol RNA Miniprep Kit (with in-column DNase treatment; Zymo Research) from
Trizol. mRNA was isolated with Dynabeads mRNA Direct Micro Kit (Invitrogen). RNA
concentration was estimated using Qubit RNA broad range assay kit, and quality was assessed
using RNA ScreenTape with an Agilent 4200 TapeStation. Values were used to customize
downstream protocols following manufacturers’ instructions. Library preparation was performed
with KAPA-Stranded RNA-Seq kits, targeting an insert size in the range of 200–300 base pairs.
Quality and concentration of libraries were assessed using DNA ScreenTape. The library were
sequenced in a multiplexed pair-end runs using Illumina HiSeq 4000 with 7 other libraries in the
same lane (all previously published in [4]). In order to minimize read crossover, 10 bp sequence
tags designed to be robust to indel and substitution errors were employed [99].
The assembled transcriptome was filtered from cross-contaminant reads product of
multiplexed sequencing using CroCo v. 1.1 [44]. Seven other transcriptomes sequenced together
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were also employed, and results of this step are reported in [3] (Supplementary Material, Figure
S1).

7.9.2 Fossil constraints on node ages
All clade names used below refer to the corresponding crown groups.
Ambulacraria (Echinodermata-Hemichordata divergence) – Younger bound: 518 Ma, Middle
Atdabanian (age 3, Series 3 of Cambrian). Older bound: 636.1 Ma, Lantian Biota, Ediacaran.
Reference: [104]. Notes: The root of our tree is constrained with a younger bound concurrent
with the earliest occurrence of stereom in the fossil record (see below). The older bound is based
on the maximum age of the Liantian Biota, a Lagertätten lacking any trace of eumetazoan fossils.
Echinodermata (Pelmatozoan-Eleutherozoan divergence) – Younger bound: Unconstrained.
Older bound: 515.5 Ma, Middle Atdabanian (age 3, Series 3 of Cambrian). Reference: [104].
Notes: This divergence (which represents the divergence of crown group echinoderms), has an
older bound based upon the earliest occurrence of stereom in the fossil record. Stereom
constitutes an echinoderm synapomorphy readily recognizable in the fossil record due its unique
mesh-like structure [71]. The first records of stereom point to a sudden and global appearance
within the middle Atdabanian [70]. Note that this is also used as younger bound for the
divergence between echinoderms and hemichordates.
Echinozoa (Echinoidea-Holothuroidea divergence) – Younger bound: 469.96 Ma, Top of
Pseudoclamacograptus decorates graptolite zone. Older bound: 461.95 Ma, Top Floian.
Reference: [105, 106]. Notes: The oldest crown eleutherozoan fossils are disarticulated
holothurian calcareous ring elements which are known from the Red Orthoceras limestone of
Sweden. This falls wtihin the P. decorates graptolite zone.
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Asterozoa (Ophiuroidea-Asteroidea divergence) – Younger bound: 521 Ma, Top of Psigraptus
jacksoni Zone. Older bound: 480.55 Ma, Base of Series 2 Cambrian Period. Reference: [105,
106]. Taxon: Maydenia roadsidensis. Notes: The divergence of asterozoan classes is calibrated
based upon the stratigraphic occurrence of Maydenia roadsidensis, the oldest asterozoan, which is
a stem group ophiuroid [107] and occurs in the Psigraptus jacksoni Zone of the Floian.
Asteroidea – Younger bound: 239.10 Ma, Top Fassanian, Ladinian, Mo3, nodosus biozone,
Triassic. Older bound: 252.16 Ma, P-T Boundary. Reference: [108]. Taxon: Trichasteropsis
weissmanni. Notes: Fossil evidence suggests the divergence of the asterozoan crown group took
place sometime in the Early or Middle Triassic [108]. Based upon its phylogenetic position and
stratigraphic occurrence as the oldest crown group asteorid, we use the forcipulitacean T.
weissmanni from the Middle Triassic Muschelkalk as the soft bound on this divergence.
Crinoidea – Younger bound: 247.06 Ma, Top Spathian (Paris Biota, Lower Shale unit, Thaynes
Group, Spathian, Triassic). Older bound: Unconstrained. Reference: [109]. Taxon: Holocrinus.
Notes: Crown group crinoidea is difficult to define, though a rapid post-Palaeozoic
morphological diversification is supported by fossil evidence. We use Holocrinus from the Early
Triassic of the Thaynes group to calibrate the younger bound on the divergence of the crown
group (i.e., the split between Isocrinida and all other extant crinoids).
Ophiuroidea (Euryophiurida-Ophintegrida divergence) – Younger bound: 247.06 Ma, Top
Spathian (Paris Biota, Lower Shale unit, Thaynes Group, Spathian, Triassic). Older bound:
Unconstrained. Reference: [110]. Taxon: Shoshonura brayardi. Notes: S. brayardi from the
Spathian Thaynes Group of the Western USA is a member of the crown group ophiuroid clade
Ophiodermatina. It is thus the currently oldest described member of the ophiuroid crown group,
setting its minimum age of divergence.
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Pneumonophora (Holothuriida-Neoholothuriida divergence) – Younger bound: 259.8 Ma,
Spinosus zone of Early Ladinian (used base Ladinian). Older bound: 241.5 Ma, Base
Wuchiapingian. Reference: [74, 105]. Notes: The oldest (undescribed) holothuriid calcareous
ring ossicles are from the Spinosus zone of the Ladinian of Germany and calibrate its divergence
from neoholothuriids.
Echinoidea (Cidaroidea-Euechinoidea divergence) – Younger bound: 298.9 Ma, Base Carnian.
Older bound: 237 Ma, Base Permian. Reference: [111]. Taxon: Triassicidaris? ampezzana.
Notes: The recent phylogenetic analysis of Mongiardino Koch and Thompson [3] found many
traditional early crown group echinoids as members of the stem group. Given this result,
Triassicidaris? ampezzana, a cidaroid which is known from the St. Cassian beds of Italy,
becomes the current oldest crown group echinoid.
Pedinoida-Aspidodiadematoida – Younger bound: 209.46 Ma, Top of Norian. Older bound:
252.16 Na, P-T boundary. Reference: See discussion in supplement of Thompson et al. [13].
Taxon: Diademopsis ex. gr. heberti. Notes: The oldest euechinoid, Diademopsis ex. gr. heberti,
which is a pedinoid, is known from the Norian of Peru. This fossil calibrates the younger bound
on the pedinoid-aspidodiadematoid divergence.
Carinacea (Echinacea-Irregularia divergence) – Younger bound: 234.5 Ma, Top Simmemurian.
Older bound: 190.8 Ma, Top Julian 1 ammonoid zone of Norian. Reference: Li et al. [112].
Taxon: Jesionekechinus. Notes: The divergence of Carinacea is calibrated based upon the oldest
irregular echinoid, Jesionekechinus, which occurs above the Simemmurian of New York Canyon,
Nevada. For a more detailed discussion of this divergence see the supplement of Thompson et al.
[13].
Salenioida-(Camarodonta+Stomopneustoida) divergence– Younger bound: 228.35 Ma, Base
Hettangian. Older bound: 201.3 Ma, Top Carnian. Reference: [14]. Taxon: Acrosalenia

512

chartroni. Notes: The stem group salenioid Acrosalenia chartroni from the Hettangian of France
is the earliest representative of Echinacea. Given the topology recovered by our analyses, this
fossil was used to calibrate the divergence between salenioids and the clade composed of
stomopneustoids and camarodonts.
Stomopneustoida-Camarodonta divergence – Younger bound: 201.3 Ma, Top Pleinsbachian.
Older bound: 182.7, Base Jurassic. Reference: See discussion in supplement of Thompson et al.
[13]. Taxon: Stomechinids from Morocco like Diplechinus hebbriensis [113]. Notes: The oldest
stomechinids, which are stem group stomopneustoids, are from the Early Jurassic of Morocco.
Neognathostomata-Atelostomata divergence – Younger bound: 234.5 Ma, Base of Toarcian.
Older bound: 182.7 Ma, St. Cassian Beds, bottom of Julian 2 ammonoid Zone. Reference: [14,
112]. Taxon: Younger bound is set by Galeropygus sublaevus (older bound is relatively
uninformative). Notes: The base of the Toarcian (which contains the oldest neognathostomate G.
sublaevis) is used as the lower bound on the divergence between the neognathostomata and all
other crown irregular echinoids. Note that depending on the position of the unsampled
echinoneoids, this split might also correspond to the origin of crown group Irregularia (see recent
topologies recovered by Lin et at. [68] and Mongiardino Koch & Thompson [3]).
Atelostomata (Holasteroida-Spatangoida divergence) – Younger bound: 137.68 Ma, Bottom of
Campylotoxus zone in Valanghian. Older bound: 201.3 Ma, Base of Jurassic. Reference: [114].
Taxon: Younger bound is based on Toxaster (older bound is loosely uninformative). Notes: The
toxasterids are stem group spatangoids which calibrate the divergence between spatangoids and
holasteroids. The oldest Toxaster are from the Campylotoxus zone in the Valanghian, and set the
younger bound on the divergence.
Echinolampadacea (Cassiduloida-Scutelloida divergence) – Younger bound: 113 Ma, Base
Albian. Older bound: 145 Ma, Base Cretaceous. Reference: [115]. Taxon: Younger bound is
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based on Eurypetalum rancheriana (older bound is loosely uninformative). Notes: The oldest
member of Echinolampadacea is the faujasiid Eurypetalum rancheriana (originally placed in the
genus Faujasia and later transferred, see [28, 29]) from the Late Albian of Colombia.
Scutelloida (Scutelliformes-Laganiformes divergence) – Younger bound: 56.0 Ma, Bottom of
Eocene. Older bound: Unconstrained. Reference: [14, 116]. Taxon: Younger bound is based on
Eoscutum doncieuxi. Notes: We use the base of the Eocene as the younger bound on the
divergence between scutelliforms and laganiforms. This is based upon the occurrence of E.
doncieuxi, the oldest scutelliform, which is known from the Lower Eocene. The older bound is
left unconstrained in order to account for the current uncertainty in the origin of the clade (i.e.,
allow for Mesozoic ages).
Leodia-(Encope+Mellita) divergence – Younger bound: 23.03 Ma, Base Miocene. Older
bound: 33.9 Ma, Base of Oligocene. Reference: [117, 118]. Taxon: Younger bound is based on
Encope michoacanensis (older bound is loosely uninformative). Notes: This node is constrained
using the oldest representative of these three genera of mellitids.
Clypeasteroida – Younger bound: 47.8 Ma, Base Lutetian. Older bound: Unconstrained.
Reference: [119, 120]. Taxon: Younger bound is based on Clypeaster calzadai and Clypeaster
moianensis. Notes: The oldest known fossil species of Clypeasteroida (the clypeasterids C.
calzadai and C. moianensis) are from the middle Eocene, upper Lutetian (Biarritzian) of
Cataluña, Spain. The older bound is left unconstrained in order to account for the current
uncertainty in the origin of the clade (i.e., allow for Mesozoic ages).
Strongylocentrotidae-Toxopneustidae divergence – Younger bound: 44.4 Ma, Eocene Planktonic
Zones E9-E12. Older bound: 56.0 Ma, Base Eocene. Reference: [121, 122]. Taxon: Younger
bound is based on Scoliechinus (Lytechinus) axiologus (older bound is loosely uninformative).
Notes: The oldest member of the clade comprising toxopneustids and strongylocentrotids is the
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toxopneustid Lytechinus (Scoliechinus) axiologus. This taxon is known from the Eocene Yellow
Limestone Group of Jamaica. The Yellow Limestone group represents the Eocene Planktonic
Zones E9-E12.
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7.10 SUPPLEMENTARY FIGURES AND TABLES

Figure S1: Ordering of loci enforced using genesortR [59] and its relationship to the seven gene
properties employed. High ranking loci (i.e., the most phylogenetically useful) show low root-totip variances (or high clock-likeness), low saturation and compositional heterogeneity, as well as
high average bootstrap and Robinson-Foulds similarity to a target topology (in this case, with the
contentious relationship among major lineages of Echinacea collapsed).
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Figure S2: Relationship between the root-to-tip variance (a proxy for the clock-likeness of loci)
and the rate of evolution (estimated as the total tree length divided by the number of terminals).
The most clock-like loci (shown in red), which are often favored for the inference of divergence
times (e.g., [90, 123]), are among the most highly conserved, and can provide little information
for constraining node ages [59]. Highly clock-like genes with a higher information content were
used instead by choosing the loci with the lowest root-to-tip variance from among those that were
within 1 standard deviation from the mean evolutionary rate (shown in blue).
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Figure S3: Trace plots of the log likelihood of different time-calibrated runs. All runs show
evidence of reaching convergence and stationarity before our imposed burn-in fraction of 10,000
generations. For simplicity, only runs under the CAT+GTR+G model are plotted. Those run
under GTR+G converged much faster.
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Figure S4: Estimated branch lengths across different models of molecular evolution. Different
site-homogenous models (left) infer similar levels of divergence, and the choice between them
induces little distortion in the general tree structure. Site-heterogenous models on the other hand,
not only infer a larger degree of divergence between terminals relative to site-homogenous ones
(center and left), but they also distort the tree (i.e., impose a non-isometric stretching), with
branch lengths connecting outgroup taxa expanding much more than those within the ingroup
clade.
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Figure S5: Effect of gene sampling strategy on inferred times of divergence. A. A chronospace,
depicting the differences in inferred ages between chronograms obtained using different loci.
Axes constitute the first two dimensions of the bgPCA (capturing 8.8 out of a total of 10.5% of
variances summarized by all four dimensions). The inset shows the centroid for each dataset, and
the width of the lines connecting them are scaled to the inverse of the Euclidean distances that
separates them (as a visual summary of overall similarity). The ages most different to those
obtained under random loci sampling were found when selecting clock-like genes. B. Change in
branch lengths along the first two bgPC axes. Branches are colored according to their
contraction/expansion given a score of – 1 (top) or + 1 (bottom) standard deviations, relative to
the mean. Clades/nodes showing age differences larger than 20 Ma are labelled.
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Figure S6: Distribution of posterior probabilities for node ages that show an average difference
larger than 20 Ma depending on the choice of clock prior.
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Figure S7: Distribution of posterior probabilities for node ages that show a maximum difference
larger than 20 Ma depending on the choice of clock prior (no node showed average differences
larger than 20 Ma). The largest differences can be seen in the relatively younger ages of
Ambulacraria and Echinodermata when using clock-like genes, and in the relatively older ages
for some nodes within cidaroids and starfish when using loci with high occupancy. Other
sampling criteria largely agree on inferred node ages, as can also be see in Figure S5 as short
distances between their centroids in chronospace.
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Figure S8: Distribution of posterior probabilities for node ages that are the most affected by the
choice of model of molecular evolution. No node showed average differences larger than 20 Ma,
so those with the largest effect are shown.
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Figure S9: Ages for selected clades across the consensus trees of the 40 time-calibrated runs
performed.
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Figure S10: Prior distributions of all constrained nodes. Five hundred replicates were sampled
from the joint prior, showing appropriately broad distributions of node ages. Blue lines show
minima and yellow ones maxima (when enforced); dotted lines show the age of the Permian Triassic (251.9 Ma) and Cretaceous-Paleogene (66 Ma) mass extinction events. Nodes whose
ages are of especial interest (Echinoidea, Scutelloida and Clypeasteroida) are shown in pink,
revealing large prior probabilities of the divergence occurring at either side of mass extinction
events.
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Figure S11: Number of lineages inferred to have crossed the Permian-Triassic boundary.
Probabilities of each scenario are estimated from the inferred divergence times of the 10,000
chronograms sampled across all of the analyses performed (250 for the two runs of each
combination of sampled loci, model of molecular evolution and clock prior). The probability of 3
or more crown group lineages surviving the Permian-Triassic extinction is 58.47%.
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Table S1: Transcriptomic/genomic datasets added in this study relative to the taxon sampling of
Mongiardino Koch et al. [4] and Mongiardino Koch & Thompson [3]. Taxa with citations were
taken from the literature, and details can be found in the corresponding studies and associated
NCBI BioProjects. Those lacking citations are novel, and have been deposited in the NCBI
sequence read archive with BioProject accession numbers PRJNA477520 and PRJNA746411.
Taxa are shown in alphabetical order; those identified with “OG” are outgroup taxa (i.e., nonechinoids). Voucher specimens are deposited at the Benthic Invertebrate Collection at Scripps
Institution of Oceanography (SIO-BIC), and the Echinoderm Collection at Muséum National
d’Histoire Naturelle (MNHN-IE). If multiple accession numbers are shown for a taxon, datasets
were merged before assembly. Similar details for all other specimens can be found in [3, 4].
Taxon

Citation

Tissue type

Collector

Locality (depth)

Voucher

GenBank
accession
number

Amphiura

[124]

-

-

-

-

This

Mixed

Owen

Foveaux Strait, South

SIO-BIC

Anderson

Island, New Zealand

E7142

Greg Rouse,

Seamount 4, Costa Rica,

SIO-BIC

Avery Hatch

Pacific Ocean (1,003 m)

E7363

SRX2255774

filiformis (OG)
Apatopygus recens

study
Aspidodiadema

This

hawaiiense

study

Asterias rubens

[125]

-

-

-

-

SRX445860

Astrophyton

[126,

-

-

-

-

SRX1391908

muricatum (OG)

127]

Bathysalenia

This

Tube feet,

BIOMAGLO

Mozambique Channel,

MNHN-IE-

SRR15130003

phoinissa

study

spine muscles

Cruise Team

Mayotte (295-336 m)

2016-23

Clypeaster

This

Eggs

Frances

Misaki Marine Biological

-

japonicus

study

Armstrong

Station, Kanagawa, Japan

Mixed

(OG)
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Echinothrix

This

calamaris

study

Encope

This

emarginata

study

Male gonad

-

Philippines

-

Eggs

Gulf

Apalachee Bay, Florida,
USA

-

Al-Fahal Reef, Red Sea,

SIO-BIC

Makkah, Saudi Arabia

E6900

Western end of

SIO-BIC
E7920

Specimen
Marine Lab

Eucidaris

This

Mixed

Greg Rouse

metularia

study

Fellaster

This

Spines, tube

zelandiae

study

feet, gut,

Cornwallis Beach,

joining tissue

Auckland, New Zealand

Wilma Blom

of Aristotle’s
lantern
Histocidaris

This

variabilis

study

Gonad

Greg Rouse,

Las Gemelas Seamount,

SIO-BIC

Avery Hatch

near Isla del Coco, Costa

E7350

Rica, Pacific Ocean (571
m)
Lamberticrinus

[127,

-

-

-

-

messingi (OG)

128]

Leodia

This

sexiesperforata

study

Metacrinus

[129]

-

Micropyga

This

tuberculata

study

SRX1397823

Eggs

Frances

Bocas del Toro, Panama

-

-

-

-

DRX021520

Tube feet,

BIOMAGLO

Mozambique Channel,

MNHN-IE-

SRR15130004

spine muscles

Cruise Team

Îles Glorieuses (385-410

2016-39

Armstrong

rotundus (OG)

m)
Ophiocoma

[125]

-

-

-

-

Peronella

This

Eggs

Frances

Kanzawa, Japan

-

japonica

study

Rhyncholampas

This

Carlos A.

Panteón Beach, Puerto

SIO-BIC

pacificus

study

Conejeros-

Ángel Bay, Oaxaca,

E7918

Vargas

Mexico

SRX445856

echinata (OG)

Armstrong
Mixed
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Scaphechinus

[130]

-

-

-

-

mirabilis

DRX187887
DRX187888

Sinaechinocyamus

This

Gregory’s

mai

study

diverticulum

Sterechinus

[131]

-

Jih-Pai Lin

Miaoli County, Taiwan

SIO-BIC
E7919

-

-

-

neumayeri

ERX3498697
ERX3498698
ERX3498699
ERX3498700
ERX3498701

Stereocidaris

This

Muscle

Charlotte

Off San Ambrosio,

SIO-BIC

nascaensis

study

surrounding

Seid

Desventuradas Islands,

E7154

Aristotle’s

Chile (215 m)

lantern
This

Female gonad,

Felipe

study

tube feet

Aguilera

Tripneustes

This

Pedicellariae

gratilla

study

Tromikosoma

This

Tube feet

hispidum

study

Tetrapygus niger

Dichato Bay, Chile

-

-

Philippines

-

Lisa Levin,

Quepos Plateau, Costa

SIO-BIC

Todd Litke

Rica, Pacific Ocean

E7251

(2067 m)
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Table S2: Details of molecular datasets and supermatrix. Statistics for raw reads and assemblies
are shown for datasets incorporated in this study relative to the sampling of [3, 4] (where similar
statistics can be found for the other datasets). Taxa are shown in alphabetical order; those
identified with “OG” are outgroup taxa (i.e., non-echinoids). Novel datasets correspond to
Illumina pair-end transcriptomes, except for two draft genomes (Bathysalenia phoinissa and
Micropyga tuberculata). Mean insert size is expressed in number of base pairs. For
transcriptomes, read pairs (initial) shows numbers input into Agalma [37], (i.e., after processing
with Trimmomatic [36] or UrQt [39]), while read pairs (retained) shows those that passed the
Agalma curation checks (including ribosomal, adapter, quality and compositional filters), and
represent the final number of read pairs used for assembly. For genomens, see information in the
bioinformatic details above. Assemblies were further sanitized with either alien_index [45] alone
or in combination with CroCo [44] (see bioinformatic details), and the number of assembled
transcripts/contigs shows the size of datasets after these curation steps. Number of loci shows the
occupancy of terminals in the supermatrix output by Agalma (1,346 loci at 70% occupancy), after
which loci were further removed by TreeShrink [50], resulting in the final occupancy scores.
Mean

Read pairs

Read pairs

Assembled

Number

Removed by

Final

insert size

(initial)

(retained)

transcripts/contigs

of loci

TreeShrink

occupancy

Abatus agassizii

-

-

-

-
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5

38.4

Abatus cordatus

-

-

-

-

497

2

36.8

-

-

-

-

864

8

63.6

180.1

61,558,173

52,206,727

416,946

761

8

55.9

415.3

74,315,687

56,898,850

274,380

1152

5

85.2

-

-

-

-

849

9

62.4

-

-

-

-

1184

2

87.8

Species

Acanthaster planci
(OG)
Amphiura
filiformis (OG)
Apatopygus recens
Apostichopus
japonicus (OG)
Araeosoma
leptaleum
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Arbacia lixula

-

-

-

-

1234

1

91.6

228.7

109,716,219

104,518,714

311,032

1060

11

77.9

230.4

31,890,613

25,495,009

103,090

805

9

59.1

-

-

-

-

1254

7

92.6

195.9

25,191,954

22,281,829

149,146

478

5

35.1

-

-

-

154,120

605

6

44.5

-

-

-

-

773

0

57.4

-

-

-

-

1094

2

81.1

198.6

10,505,520

9,298,316

74,743

829

1

61.5

-

-

-

-

1242

2

92.1

-

-

-

-

1233

3

91.4

-

-

-

-

1158

0

86.0

-

-

-

-

1001

5

74.0

-

-

-

-

661

0

49.1

-

-

-

-

337

1

25.0

-

-

-

-

305

1

22.6

-

-

-

-

1187

3

88.0

-

-

-

-

1012

2

75.0

Aspidodiadema
hawaiiense
Asterias rubens
(OG)
Asthenosoma
varium
Astrophyton
muricatum (OG)
Bathysalenia
phoinissa
Brissus obesus
Caenopedina
hawaiiensis
Clypeaster
japonicus
Clypeaster
rosaceus
Clypeaster
subdepressus
Colobocentrotus
atratus
Conolampas
sigsbei
Cystechinus c.f.
giganteus
Dendraster
excentricus
Diadema setosum
Echinarachnius
parma
Echinocardium
cordatum
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Echinocardium
-

-

-

-

1185

1

88.0

-

-

-

-

709

6

52.2

-

-

-

-

1055

0

78.4

203.9

68,871,087

60,443,904

251,788

1252

4

92.7

206.2

12,015,888

10,461,870

66,241

1076

1

79.9

321.6

38,802,159

29,047,401

83,318

412

2

30.5

-

-

-

-

414

0

30.8

-

-

-

-

1196

1

88.8

313.9

62,619,791

51,742,748

168,598

1269

1

94.2

-

-

-

-

931

0

69.2

329.2

84,103,672

73,884,180

144,044

1189

5

88.0

-

-

-

-

743

8

54.6

195.0

22,989,820

20,234,597

59,049

351

3

25.9

203.8

16,211,182

14,174,475

68,964

1064

1

79.0

-

-

-

-

403

4

29.6

-

-

-

-

770

0

57.2

-

-

-

-

1265

1

93.9

mediterraneum
Echinocyamus
crispus
Echinometra
mathaei
Echinothrix
calamaris
Encope
emarginata
Eucidaris
metularia
Eucidaris
tribuloides
Evechinus
chloroticus
Fellaster
zelandiae
Heliocidaris
erythrogramma
Histocidaris
variabilis
Holothuria
forskali (OG)
Lamberticrinus
messingi (OG)
Leodia
sexiesperforata
Leptosynapta
clarki (OG)
Lissodiadema
lorioli
Loxechinus albus
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Lytechinus
-

-

-

-

1257

2

93.2

Mellita tenuis

-

-

-

-

1002

1

74.4

Meoma ventricosa

-

-

-

-

1053

0

78.2

-

-

-

-

1247

0

92.6

198.5

23,791,832

20,900,345

83,718

642

7

47.2

-

-

-

170,514

415

4

30.5

278.5

28,427,026

24,836,025

130,153

712

7

52.4

-

-

-

-

1266

0

94.1

-

-

-

-

740

8

54.4

208.3

17,696,287

15,707,931

106,110

1043

6

77.0

-

-

-

-

794

3

58.8

-

-

-

-

1173

1

87.1

346.8

63,116,413

52,160,741

234,910

1070

2

79.3

-

-

-

-

668

6

49.2

401.7

10,169,195

8,796,067

127,664

974

4

72.1

297.2

60,208,172

52,265,201

164,646

1233

1

91.5

-

-

-

-

1214

1

90.1

207.3

26,376,279

21,308,840

122,001

1097

1

81.4

variegatus

Mesocentrotus
nudus
Metacrinus
rotundus (OG)
Micropyga
tuberculata
Ophiocoma
echinata (OG)
Paracentrotus
lividus
Patiria miniata
(OG)
Peronella
japonica
Prionocidaris
baculosa
Psammechinus
miliaris
Rhyncholampas
pacificus
Saccoglossus
kowalevskii (OG)
Scaphechinus
mirabilis
Sinaechinocyamus
mai
Sphaerechinus
granularis
Sterechinus
neumayeri
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Stereocidaris
327.0

69,962,495

60,316,050

121,508

1200

6

88.7

-

-

-

-

908

0

67.5

-

-

-

-

1266

5

93.7

202.5

63,040,541

52,761,671

163,084

1287

2

95.5

154.6

62,962,239

57,015,692

130,376

1309

1

97.2

300.4

57,208,357

47,909,038

234,502

1238

7

91.5

nascaensis
Stomopneustes
variolaris
Strongylocentrotus
purpuratus
Tetrapygus niger
Tripneustes
gratilla
Tromikosoma
hispidum
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GENERAL CONCLUSIONS

The work undertaken in this thesis has resulted in a revised perspective on the phylogeny
and evolutionary history of Echinoidea. The importance of these findings and their bearings of
future research directions are discussed at length within each chapter. Instead of reiterating these
here, I will focus instead on major points that I believe to be of importance for the broader
community of systematists.

MORPHOLOGICAL DATASETS ARE FLAWED, BUT SO ARE PHYLOGENOMIC TREES
In the last several decades, and especially since the establishment of molecular
phylogenetics, we have become very familiar with the limitations of morphology for the inference
of phylogenetic hypotheses (Maddison 1993; Gift and Stevens 1997; Jenner 2001; Rieppel and
Kearney 2002; Scotland, et al. 2003; Kangas, et al. 2004; Wiens 2004; Ramírez 2007; Rieppel
and Kearney 2007; Springer, et al. 2007; Dávalos, et al. 2014; Lee and Palci 2015; Scotland and
Steel 2015; Halanych 2016; Simões, et al. 2017). Although to some extent this may be a
consequence of the much longer history of research in comparative morphology, it is also true
that the shortcomings of morphology are relatively evident. The construction of morphological
datasets is laborious, the delineation of character states is often opaque and subjective, and the
process of character selection can be biased in numerous ways. Morphological characters can also
be a poor proxy for phylogenetic history given their relative lack of independence and their
adaptive nature. These issues can translate into saturated morphological datasets that are unable to
resolve deep splits (as seen in Chapter 3 using simulated datasets; Mongiardino Koch, et al.
2021), or be so burdened by convergences as to provide unambiguous support for incorrect
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topologies (as seen in Chapters 1 and 4 regarding the phylogenetic relationships of sand dollars
and sea biscuits; Mongiardino Koch, et al. 2018; Mongiardino Koch and Thompson 2021).
While phylogenomic datasets can sometimes suffer from some of these same issues
(Phillips, et al. 2004; Rokas, et al. 2005; Philippe, et al. 2011; Parker, et al. 2013; Whelan, et al.
2015; Suh 2016; King and Rokas 2017; Mongiardino Koch and Gauthier 2018; Braun and
Kimball 2021; Kapli, et al. 2021), as well as many that are unique (Shen, et al. 2017; Simion, et
al. 2018; Kapli and Telford 2020; Simion, et al. 2020), phylogenomic trees can be expected to
have higher topological accuracy. This makes them ideal for classification purposes. But
ultimately phylogenies provide a substrate for the understanding of evolutionary history, and in
this regard phylogenomic trees can be substantially limited. Examples of this can be found in
their inability to constrain the ancestral morphology of Clypeasteracea: without the incorporation
of fossil terminals, these topologies would be unable to reveal the sequence of steps leading to the
acquisition of the unique body plans of sand dollars and sea biscuits (see Chapters 1 and 4;
Mongiardino Koch, et al. 2018; Mongiardino Koch and Thompson 2021). The lack of
information of extant-only trees is also evident when attempting to model the forces driving the
evolution of echinoid body size (Chapter 5; Mongiardino Koch 2021a). While the topological
accuracy of phylogenomic topologies is routinely extolled, their limited contribution to
understanding evolutionary processes is rarely acknowledged. As shown by both simulation and
empirical studies, even a handful of fossil terminals can often be more informative than thousands
of extant taxa (Ané 2008; Rabosky 2010; Slater, et al. 2012; Ho and Ané 2014; Betancur‐R, et al.
2015; Puttick 2016; Louca and Pennell 2020).
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PHYLOGENETICS HAS TO EMBRACE INTEGRATIVE APPROACHES
At the dawn of the molecular era, the discussion of whether to combine morphological
and molecular datasets into simultaneous analyses, or perform separate inferences and combine
their results, was prevalent (de Queiroz, et al. 1995; Miyamoto and Fitch 1995; Kitching, et al.
1998). This debate has since faded as molecular datasets have grown to represent the vast
majority of the data. Nonetheless, combined (i.e., total-evidence) approaches are still favored by
most, based largely on either philosophical ground (such as “maximizing explanatory power”), or
in perceived phylogenetic benefits such as increases in resolution and support owing to
“secondary signals” in what may be otherwise discordant partitions (Nixon and Carpenter 1996;
Bininda‐Emonds, et al. 1999; de Queiroz and Gatesy 2007). Note however that this debate has not
produced evidence that combined analyses result in improvements of topological accuracy. It has
also not extended beyond the discussion of molecules vs. morphology, while stratigraphic
datasets could also be considered an additional independent source of information, one whose
phylogenetic signal has often been questioned (Fox, et al. 1999; Heyning and Thacker 1999;
Geiger, et al. 2001; Fisher 2008).
A salient aspect of the results presented here are the multiple benefits of analyses that
rely on multiple distinct data sources. Using empirical data, it is shown that two out of the three
main conflicts regarding the relationships among major echinoid clades are resolved through
combined inference (Chapter 4; Mongiardino Koch and Thompson 2021). In both instances,
which relate to the position of echinothurioids and echinoneoids, the combination of morphology
with other sources of information provides independent confirmation of topologies favored by
molecular data. This is not only evidence that tip-dated morphological analyses that incorporate
temporal information outperform undated inferences (as revealed also using simulations in
Chapter 3; Mongiardino Koch, et al. 2021), but also confirms that molecular data can improve the
inferred position of fossil lineages (see also Gatesy, et al. 2003; Wiens, et al. 2010; Reeder, et al.
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2015; Luo, et al. 2020). In turn, fossil taxa drastically modify phylogenetic hypotheses inferred
from morphological data (as elaborated in Chapter 2; Mongiardino Koch and Parry 2020),
resulting in an overall improvement of topological accuracy and a decrease in overprecision
(Chapter 3; Mongiardino Koch, et al. 2021).
Combined analyses also expand the range of questions that can be tackled. A great
example of this involves the relationships and divergence times of neognathostomates (sand
dollars, sea biscuits and “cassiduloids”). While molecular data is necessary to correctly place
these lineages in relationship to each other and override misleading homoplasious signals,
morphology is required to articulate extant forms with their extinct counterparts. This process is
also informed by stratigraphy, which complements a relatively uninformative morphological
dataset and contributes to constraining the position of fossil lineages. While the placement of all
“cassiduloids” within the clade bracketed by sand dollars and sea biscuits is a plausible
morphological outcome (after enforcing a molecular backbone), the Jurassic ages of many extinct
“cassiduloids” predates the age of this split according to a molecular/morphological clock,
forcing these forms (for which the name Nucleolitoida was reintroduced) onto its stem. Not only
are all three sources of data contributing to this resolution, but the relationships and divergence
times of these lineages could not have been determined otherwise. Morphology by itself would
have favored a very different topology (Kroh and Smith 2010), and a node-dated molecular
analysis would have been unfeasible given uncertainty as to which fossils can be used to
constraint the divergences of extant lineages.
In summary, integrative approaches that combine molecular, morphological, and
stratigraphic data: a) resolve phylogenetic conflicts, b) alleviate problems present in individual
data sources, and c) expand the range of questions that can be tackled. Combining paleontological
and neontological information is also beneficial, as it opens up the possibility of using tip-dated
methods of phylogenetic reconstruction that exhibit higher accuracy, and also result in better
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morphological topologies than those recovered using exclusively living or extinct taxa (Chapter
3; Mongiardino Koch, et al. 2021).

TOTAL-EVIDENCE AND TIME-CALIBRATED INFERENCES CAN BENEFIT FROM THE VAST
RESOURCES OF THE PHYLOGENOMIC ERA

Over the last few decades, the development of faster and more efficient algorithms of
phylogenetic reconstruction has not been able to keep up with the exponential availability of
genomic data. As a consequence, phylogenomic datasets composed of thousands of loci can only
be analyzed with a limited tool set, including summary coalescent and concatenation methods
under some models of molecular evolution. Many of these approaches are known to be limited in
various ways, and are unlikely to adequately capture the complex evolutionary history of large
datasets (e.g., Kubatko and Degnan 2007; Lartillot, et al. 2007; Edwards, et al. 2016). On the
other hand, the use of more complex and realistic models of evolution remains unfeasible from a
computational standpoint (Kapli, et al. 2020; Simion, et al. 2020). Most methods of timecalibration based on both node or tip ages are similarly limited and cannot run with full
phylogenomic datasets. As a consequence, phylogenomic subsampling has become a
methodological necessity.
However, a theory of phylogenomic subsampling has yet to emerge. The vast majority of
studies that have sought to reduce dataset size (whether to use more complex models or to test
phylogenetic hypotheses with better-curated matrices) have employed ad hoc methods that are
hard to justify and whose results are difficult to compare. Partly as a consequence of this
uncertainty, most analyses that estimate divergence times or rely on total-evidence approaches are
still performed using small numbers of PCR-sequenced loci. These traditional genes (ribosomal
RNA, cytochrome oxidase, elongation factors, etc.; Rokas, et al. 2002; Jenner, et al. 2009;
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Dimitrov, et al. 2017) were favored in the early stages of molecular biology for being highly
conserved, exhibiting flanking regions that allowed for the design of universal primers, or having
a high copy number that improved the efficiency of amplification and sequencing efforts. That is,
their selection was determined (at least partly) by their operational convenience rather than their
phylogenetic usefulness. It is likely that phylogenomic datasets provide an avenue for the
selection of genes that are better suited to specific phylogenetic questions (Townsend and LopezGiraldez 2010; Chen, et al. 2015; Dornburg, et al. 2019).
As explored in Chapter 6 (Mongiardino Koch 2021b), most common methods of
phylogenomic subsampling do not succeed in discovering small numbers of phylogenetically
reliable loci. Proxies for signal and sources of bias are always positively correlated, such that
optimization of both cannot be achieved by filtering loci based on individual properties. The
minimization of systematic errors enriches datasets in uninformative loci, and is likely to behave
appropriately only under narrow conditions. Effects in off-target properties are generally
prevalent, and complicate an assessment of the potential drivers of contrasting phylogenetic
results. This study not only assesses the behavior of common—yet unvalidated—techniques
across multiple clades, but also proposes a novel method (genesortR) to mine phylogenomic
datasets for particularly useful loci. genesortR is able to reduce large-scale genomic datasets to a
desired size using an approach that is curtailed to the particular evolutionary history of each
clade, providing a useful addition to the gene sampling literature (Dornburg, et al. 2016; Smith, et
al. 2018).
Another area where gene sampling (as well as other methodological decisions) has been
heavily discussed, yet their effects rarely tested, has been node-based time calibration. Based
exclusively on phylogenetic theory, genes that are clock-like, have high congruence and high
occupancy should behave better (Smith, et al. 2018; Carruthers, et al. 2020; Carruthers and
Scotland 2020), but the degree to which estimates vary depending on gene choice has not been
quantified. The importance (i.e., relative effect size) of this choice relative to others (e.g., clock
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priors, models of molecular evolution) also remain uncertain. In Chapter 7 (Mongiardino Koch et
al. 2021) I introduce the concept of a chronospace (as well as code to implement it) and use it to
measure the effects of these choices on inferred node ages. The results indicate that many
approaches favored in the literature have a much larger impact on the computation time than they
do on the results of the analyses, such as the use of site heterogeneous models. From among
different sets of candidate loci, only those that exhibit a clock-like pattern of evolution seem to be
worth targeting.
These efforts provide new avenues for the exploitation of the vast resources of the
phylogenomic era when performing complex types of phylogenetic inference. They also propose
novel methods and guidance regarding the selection of loci and the exploration of results derived
from them. While the computational efficiency of many phylogenetic software is likely to
improve, modern molecular biology has entered a stage at which data collection will continue to
outpace data analysis for the foreseeable future, raising the value of tools that help make informed
decisions along the way.

PHYLOGENOMICS NEEDS THE FOSSIL RECORD (AND VICE VERSA)
As seen throughout this dissertation, every aspect of evolutionary research is improved
through the integration of data sets, from the analyses of phylogenetic relationships and
divergence times, to the inference of ancestral states and the reconstruction of macroevolutionary
dynamics. Thus, evolutionary research (especially at deeper timescales) can be greatly expanded
through the complementary information preserved in the genomes of living organisms and the
phenotypes of extinct ones. While genomic data greatly improve the accuracy of phylogenetic
reconstruction, paleontological data improve the accuracy of evolutionary inferences.
Understanding the past requires simultaneously controlling for both of these sources of
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uncertainty. A nuanced view of past events and processes driving the diversification of life cannot
be attained without the integration of genomes and fossils.
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